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ABSTRACT 
 
Neogene Low-latitude Seasonal Environmental Variations: Stable Isotopic and Trace 
Elemental Records in Mollusks from the Florida Platform and the Central American 
Isthmus. (August 2012) 
Kai Tao, B.S., University of Science and Technology of China 
Chair of Advisory Committee: Dr. Ethan L. Grossman 
 
This Ph.D. dissertation integrates stable isotope and trace element geochemistry in 
modern and fossil gastropod shells to study low-latitude marine paleoenvironments. First, 
stable isotopes (δ18O and δ13C) and Sr/Ca ratios are used to examine low-latitude 
temperature and salinity variations recorded in Plio-Pleistocene (3.5-1.6 Ma) fossils from 
western Florida during periods of high-latitude warming and “global” cooling. The 
middle Pliocene Pinecrest Beds (Units 7 and 4) and the overlaying Plio-Pleistocene 
Caloosahatchee Formation generate significantly different δ18O-derived 
paleotemperatures but identical Sr/Ca ratios. High δ18O values, together with low δ13C 
values and brackish fauna, indicate that Unit 4 was deposited in a lagoonal environment 
similar to modern Florida Bay. In contrast, relatively low δ18O and high δ13C values in 
Unit 7 and Caloosahatchee Formation represent deposition in an open-marine 
environment. The observed Unit 7 and Caloosahatchee paleotemperatures are 
inconsistent with middle Pliocene warming event, but consistent with the Plio-
Pleistocene cooling trend. 
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To quantify modern upwelling and freshening signals and contrast these signals 
between the tropical eastern Pacific (TEP) and southwestern Caribbean (SWC), 
methodologies are developed for reconstructing seasonal upwelling and freshening 
patterns from modern tropical gastropod shells from Panama using: 1) paired oxygen and 
carbon isotopic profiles and δ18O–δ13C (δ–δ) correlations, and 2) deviation from baseline 
δ18O values that represent conditions free of seasonal upwelling or freshening influences. 
Shell δ18O values normalized to the baseline faithfully record modern conditions of little 
or no upwelling in SWC and Gulf of Chiriquí, and strong upwelling in the Gulf of 
Panama, as well as strong freshwater input in most areas. 
The baseline and δ– δ methods are applied to identify and quantify changes in 
upwelling and freshening in the Neogene TEP and SWC seawaters associated with the 
final closure of Central American Isthmus. The records reveal significant upwelling in 
late Miocene SWC and mid Pliocene TEP waters, strong freshening in SWC waters from 
5.7–2.2 Ma, and minimal seasonal upwelling and/or freshening variations in Plio-
Pleistocene SWC waters. The reconstructed paleotemperatures agree with the global 
cooling trend through the late Miocene, but lack evidence for middle Pliocene warming 
or late Neogene global cooling. 
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CHAPTER I 
INTRODUCTION 
                                                                                                              
Stable isotopic signatures provide valuable information for understanding global 
climate change and nutrient deliveries. During the Neogene period, the global climate 
maintained a long-term cooling trend with exceptions in middle Miocene (17–14.5 Ma) 
and in middle Pliocene (3.5–2.5 Ma), evidenced by benthic foraminiferal oxygen isotopic 
records (Zachos et al., 2001), sea level change (Haq et al., 1987), and fossil abundance 
(Allmon, 1993), etc. However, the tropical sea-surface temperature (SST) changes may 
differ from the global trend that is largely derived from high-latitudes.   For example, the 
middle Pliocene tropical SST reconstructions from ostracod assemblages (Cronin and 
Dowsett, 1993; Dowsett et al., 1996) and from planktonic foraminiferal stable isotopes 
(Billups et al., 1998) both indicate equal or slightly cooler (2–3 oC) temperatures relative 
to modern SSTs, while the high-latitude SSTs were estimated to be 4–6 oC warmer than 
present (Dowsett et al., 1996; Dowsett and Loubere, 1992). Similar to the middle 
Pliocene controversy, there has been a recent debate regarding low-latitude climate 
change during the late Miocene cooling. A study of planktonic foraminiferal δ18O-
derived SSTs from 33 late Miocene (7.2–5.6 Ma) Ocean Drilling Project (ODP) and 
Deep Sea Drilling Project (DSDP) sites suggests markedly cool low-latitude 
temperatures, in some cases more than 9°C lower than modern SSTs (e.g. DSDP 216 and 
709C, Williams et al., 2005). Meanwhile, SST estimates from Mg/Ca analyses of 
____________ 
This thesis/dissertation follows the style of Palaios. 
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planktonic foraminifera in the west Caribbean (ODP 999) suggest cool tropical 
temperatures that are about 2°C  lower than modern (Groeneveld, 2005, Groeneveld et al., 
2008). However, SST estimates from alkenone unsaturation analyses from ODP site 958, 
northeastern Atlantic (23.9990°N, 20.0008°W), suggest subtropical SSTs that were 
warmer by 2–4°C (Herbert and Schuffert, 1998). Discrepancies such as these have lead 
scientists to question the accuracy of the δ18O-derived paleotemperatures from calcitic 
planktonic foraminifers, citing the potential influences of  dissolution and diagenesis, 
vital effect, and changes in seawater δ18O (Pearson et al., 2001; Williams et al., 2005).  
The formation of Central American Isthmus (CAI) had a dominant impact on late 
Neogene climate. At present, there are significant differences between tropical east 
Pacific (TEP) and southwestern Caribbean (SWC) waters across the isthmus, which 
include differences in mean annual temperature (MAT), salinity, nutrient concentrations, 
primary productivity, and stable isotopic composition. The modern Caribbean-Pacific 
contrast of surface water MAT of 2°C and salinity of 1–1.5‰ was established by about 
4.2 Ma (Keigwin, 1982; Haug et al., 2001), resulting largely from (1) strong seasonal 
upwelling of nutrient-rich waters in the Pacific that reduces temperature and increases 
productivity, and (2) high evaporation in the Caribbean and net Caribbean-Pacific vapor 
flux that increases salinity in the Caribbean and reduces salinity in the Pacific (Maier-
Reimer et al., 1990; D’Croz et al., 1991; D’Croz and O’Dea, 2007). Prior to the isthmian 
uplift when the seaway was still open, these contrasts were minimal.  
To evaluate the low-latitude environmental variation during the “global” warming 
or cooling period, and the temperature contrast in TEP and SWC seawaters before and 
after the final closure of CAI, additional SST proxies, such as δ18O and Sr/Ca ratios of 
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molluscan (especially gastropods) shells are used in this study. In isotopic studies, 
mollusks provide a strong complement to planktonic foraminifera for reconstructing 
ancient climates in that: 1) their long life span provides records of both seasonal and 
interannual temperature variations, which are unavailable from foraminifera; 2) their 
aragonitic mineralogy makes it easier to assess chemical preservation; 3) their shallow 
benthic habitat ensures that they do not sink below the carbonate compensation depth 
(CCD) and thus less likely to be dissolved.  
    These advantages have raised interest in using mollusks as a substitute for 
planktonic foraminifera in isotopic studies of paleoclimate (e.g. Kobashi et al., 2001; 
Latal et al., 2004). However, isotope records from the mollusks have their own 
limitations resulting from uncertain local salinity and temperature variation. One possible 
method to avoid such ambiguities is by combining isotopic and trace metal records (e.g. 
Sr/Ca). It has already been demonstrated that Sr/Ca in some modern molluscan shells 
provides a proxy for independently estimating SSTs (Sosdian et al., 2006). By making 
paired measurements of δ18O and Sr/Ca on the same shell, we can estimate the record of 
seawater δ18O which may be used to reconstruct local changes in salinity. This method 
has been used in Chapter 2 to reconstruct the paleoenvironments in the middle Pliocene 
Pinecrest Beds (Unit 7 and 4) and Plio-Pleistocene Caloosahatchee Formation. 
In addition to being a paleo-SST proxy, stable isotopes can also be used for 
testing nutrients delivered by upwelling and freshwater input in low-latitude and tropical 
marine ecosystems. Chapter 2 identifies the origin of high productivity in the Florida 
Platform in middle Pliocene by comparing the oxygen and carbon isotope pattern to 
modern Florida Bay conditions. Chapter 3 describes stable isotope analyses (δ13C and 
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δ18O) on 13 serially-sampled modern Conus shells collected from southwestern 
Caribbean (SWC, non-upwelling) and tropical eastern Pacific (TEP) Gulf of Chiriquí 
(non-upwelling) and Gulf of Panama (upwelling) coastal waters across the Central 
American Isthmus (CAI), aiming to develop a new method which uses “normal” 
temperatures that are free of seasonal upwelling during dry season and “normal” salinities 
that are free of seasonal freshwater runoff during rainy season to establish a baseline for 
molluscan shell δ18O values. δ18O values that significantly exceed baseline δ18O values 
can be only caused by the decrease of seawater temperature created by upwelling of cold 
saline deep water; δ18O values that are significantly below baseline can be only caused by 
intensive freshwater runoff which lower the seawater salinity. 
The newly-developed baseline method can be complementary to the traditional 
method of paired oxygen and carbon isotopic correlations. For example, in Chapter 3 all 
five shells in the upwelling area of Gulf of Panama show positive δ18O–δ13C correlations, 
which are indicative of freshwater input only. However, the baseline method detects both 
significant upwelling and freshening signals in this area. A closer examination by 
separating dry-season shell δ18O values from the rest of year reveals significant negative 
correlation in four of five shells, confirming the hypothesis that the freshwater signal 
during rainy season masks the expected upwelling signals in the modern Gulf of Panama. 
In Chapter 4, the combined stable isotope methods are applied to Neogene 
molluscan shells across CAI from late Miocene to Plio-Pleistocene (12–1.5 Ma) to test 
the changes of marine environmental variation between TEP and SWC waters.  
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CHAPTER II 
ORIGIN OF HIGH PRODUCTIVITY IN THE PLIOCENE OF THE FLORIDA 
PLATFORM: EVIDENCE FROM STABLE ISOTOPES AND TRACE ELEMENTS*  
 
Overview 
       High productivity on the Florida Platform during the Pliocene has been ascribed to 
upwelling and to freshwater input of nutrients.  To test these hypotheses, high-resolution 
stable isotopic and Sr/Ca analyses have been performed on 14 Conus and Turritella 
gastropod shells collected from the middle Pliocene Pinecrest Beds (Units 7 and 4) and 
the Plio-Pleistocene Caloosahatchee Formation. Assuming a published Pliocene seawater 
δ18O of 1.02‰ derived from a coupled ocean-atmosphere general circulation model 
(OAGCM), reconstructed paleotemperatures of Units 7 and 4, and the Caloosahatchee are 
respectively 25.1 ±1.4°C, 16.1 ±0.6°C, and 22.4 ±0.5°C.  Unit 7 paleotemperatures are 
similar to, and Caloosahatchee paleotemperatures slightly lower than, modern sea surface 
temperatures (SSTs) in the Sarasota Bay (24.5 ±0.4°C). In contrast, Unit 4 
paleotemperatures are unrealistically low. Sr/Ca ratios, however, suggest no significant 
paleotemperature difference between Pinecrest Units 7 and 4 and the Caloosahatchee 
Formation, indicating seawater δ18O variations, rather than temperature differences, are 
responsible for δ18O differences. High δ18O and low δ13C values of these samples likely 
reflect highly evaporated freshwater input combined with oxidation of terrestrial debris as 
a brackish environment is indicated by marine and freshwater fauna in Unit 4. This  
* Reprinted with permission from “Origin of high productivity in the Pliocene of the 
Florida platform: evidence from stable isotopes and trace elements” by Tao, K. and 
Grossman, E. L., 2010, Palaios, v. 25, p.796-806, copyright [2010] by SEPM. 
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isotopic pattern is similar to that for modern Florida Bay mollusks which are 
influenced by discharge of Everglades waters. Furthermore, episodic enrichments in Fe, 
U, and P in some shells suggest nutrient input from submarine groundwater discharge. 
The data, therefore, support the contention that the dominant cause of high productivity 
in this region was enhanced nutrient input from freshwater influx. 
 
Introduction 
The great diversity and abundance of the molluscan fauna on the Florida Platform 
suggest that oceanic productivity was higher during the middle Pliocene (ca. 3.5–2.5 Ma; 
Piacenzian) than in the Pleistocene and Recent (Allmon, 1993; Allmon et al., 1996). For 
example, the middle Pliocene Pinecrest Beds in southwest Florida consist of fossiliferous 
shelly beds up to 10 m thick with as many as 1,000 molluscan species (Petuch, 1982). 
Moreover, the frequent occurrence of turritellid gastropods, which presently live in 
nutrient-rich marine environments, also suggest high oceanic productivity (Allmon, 
1988). Although the faunal and geological history of the Florida Platform has been well 
studied, hypotheses for the cause of high productivity are still debated. The two leading 
hypotheses are enhanced upwelling (Jones and Allmon, 1995; Allmon et al., 1996) and 
input of nutrient-rich freshwater (Weinlein et al., 2008; Sliko and Herbert, 2009). Our 
study examines the possible causes for the middle-Pliocene high productivity by utilizing 
seasonal isotopic and trace elemental profiles from middle Pliocene and Plio-Pleistocene 
Conus and Turritella gastropods collected from the Florida Platform.  
 Jones and Allmon (1995) proposed that seasonal upwelling is responsible for high 
productivity on the Florida Platform during the middle Pliocene, based on stable isotope 
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profiles of the bivalve Mercenaria campechiensis and turritellid gastropods. Upwelling 
would bring cool and nutrient-rich deep waters to the Florida coastal area, causing high 
productivity and lower marine temperatures off western Florida during the middle 
Pliocene. Reliable stable isotopic evidence for enhanced upwelling is scarce, however. 
Only one of two specimens of M. campechiensis (MC130) and two of eight specimens of 
Turritella gladeensis (specimens 2b and 3) show the distinct upwelling signals (negative 
δ18O–δ13C correlation, p<0.05) and as stated in Jones and Allmon (1995. p.71), “the 
[upwelling] signals measured in our Pliocene turritellids are fairly weak”.   
        Other nutrient sources, such as freshwater influx, may also contribute to the high 
productivity. Such a stable isotopic signal has been noted in one turritellid (Turritella 
apicalis; Allmon et al., 1996). Meanwhile, a study of the Pliocene and Pleistocene 
productivity on the Florida Platform, using Fe/Ca and Ba/Ca in mollusk shells as proxies 
for terrigenous input and productivity, also argues that freshwater input was the primary 
control for productivity (Weinlein et al., 2008). Furthermore, a recent study combining 
stable isotopic and trace elemental analyses of Pliocene Siderastrea spp. corals suggests 
high winter or spring precipitation on the southeastern North American continent, 
coincident with pulses of phosphate, and supports the hypothesis that freshwater is the 
major cause for high productivity (Sliko and Herbert, 2009). 
 Stable isotopes alone cannot easily distinguish between the environmental causes 
of high productivity. This is particularly important in shallow, estuarine environments 
where such localized effects as freshwater input and evaporative loss frequently occur. 
Salinity-independent proxies are needed to constrain the δ18O-derived paleotemperatures. 
Studies have shown that Sr/Ca variations in molluscan shells reflect temperature changes 
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with presumably little influence from evaporation, precipitation or freshwater input 
(Tripati and Zachos, 2000; Sosdian et al., 2006). Although the exact relationship between 
Sr/Ca and temperature in mollusks is complex and taxon-specific, Sr/Ca ratios can still be 
immensely useful in interpreting paleoenvironments (Sosdian et al., 2006; Tripati et al., 
2009).  Furthermore, other trace elements such as P may serve as nutrient proxies 
(Montagna et al., 2006; Sliko and Herbert, 2009). 
 
Study Area and Samples 
        In this study five Conus and two Turritella shells were collected from Unit 7 (ca. 
3.5–2.5 Ma) of the Pliocene Pinecrest Beds in SMC Aggregates Phase 8 Quarry in the 
vicinity of Sarasota County, Florida (27º22.61’N, 82º23.47’W; Location 1 in Fig. 2-1). 
Additional shells were provided by the Florida Museum of Natural History, including 
three Conus shells from Unit 4 (ca. 2.5–2.0 Ma) of the Pinecrest Beds in a quarry 6 km 
west of Phase 8 Quarry, one Conus shell from Unit 7 of the Pinecrest Beds in Highlands 
County (27º21.97’N, 81º0.33’W, Location 2 in Fig. 2-1), and three Conus shells from the 
Plio-Pleistocene Caloosahatchee Formation (ca. 2.0–1.6 Ma) in Hendry County 
(26º43.22’N, 81º29.45’W, Location 3 in Fig. 2-1). The middle Pliocene Pinecrest Beds 
has an excellent diversity of well-preserved fossil shells. The 0.6-m-thick Unit 4 is often 
referred to as the black layer (Petuch, 1982) or bone-bearing layer (Jones et al., 1991) 
because of its great abundance of both marine and freshwater shells, and fossils of fish 
and other vertebrates, which indicate an organic-rich brackish and estuarine environment.  
The 4.6-m-thick Unit 7, with its great diversity of marine molluscan species, is 
considered to have been deposited in a tropical-subtropical offshore environment with a 
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water depth of 20–30 m (Jones et al., 1991). Overlying the Pinecrest Beds in the 
southern Florida peninsula is the late Pliocene-early Pleistocene Caloosahatchee 
Formation, which  
 
FIGURE 2-1––Study area. Map of the Gulf Coast in the middle Pliocene from Stanley 
(1986), with numbers indicating sample locations. 
 
consists mostly of fossiliferous sands and carbonates. Molluscan shells are the dominant 
fossils, and along with corals, bryozoans, echinoids, and vertebrates, indicate a shallow, 
warm-water estuarine environment (Lyons, 1990). 
       Twelve Conus and two Turritella shells were analyzed for stable isotopes, including 
ten Conus adversarius Conrad (1840), one C. largillierti Kiener (1845), one C. spurius 
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Gmelin (1791), and two Turritella gladeensis Mansfield (1931). Eight of the twelve 
Conus shells and both Turritella shells were analyzed for trace elements. These taxa have 
the advantages of: (1) relatively long life span (2 to >5 years) and large size, which 
enable inter-annual and seasonal temperature reconstruction (excluding T. gladeensis, 
which usually lives less than 2 years); (2) aragonitic shell mineralogy that facilitates 
detection of diagenesis; and (3) shallow-dwelling habitat, making possible the estimation 
of marine surface temperatures.  
 
Methods 
Prior to sampling, each specimen was polished and ultrasonicated to remove 
extraneous materials from shell surfaces. X-ray diffraction analyses have confirmed that 
all the shells are >99% aragonite. For the serial sampling, a 2–5 mm interval, starting 
from the apex of shell spiral, was chosen to construct isotopic and trace elemental 
profiles. Sample powder was collected along shallow linear grooves parallel to growth 
lines, using a 0.5 mm wide Brasseler carbide dental drill bit. Approximately 300–500 μg 
powder was collected for each sample, with half for stable isotope analyses and half sent 
to Rutgers University for elemental analyses. For stable isotopic analyses, about 100 – 
150 μg of shell powder was converted to CO2 gas by reaction with “100%” phosphoric 
acid at 70°C on a GasBench II automated gas-handling system. The CO2 gas was then 
analyzed on a DeltaPlusXP isotope ratio mass spectrometer. All the results were 
calibrated to Vienna-PDB (VPDB) using NBS-19, with a precision of ±0.05‰ for δ13C 
and ±0.08‰ for δ18O. Replicates were run for every two to three samples. The average 
absolute value for the difference between replicates is 0.10‰ for δ13C and 0.12‰ for 
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δ18O. Paleotemperatures were calculated according to Grossman and Ku (1986; eq. 1) 
and corrected for seawater δ18O (see later discussion). For trace elemental analysis, the 
samples were dissolved in 0.065N HNO3, centrifuged 10 minutes, and diluted to obtain a 
final Ca concentration of about 4±1 mmol (Sosdian et al., 2006). Then the solution was 
analyzed on a Vista-Pro CCD Simultaneous Radial ICP-OES based on the method in 
Andreasen et al. (2006). Long-term precision for Sr/Ca analyses is ±1.5%. Statistical 
analyses, including t-tests and principal component analysis (unrotated factors), were 
performed using SAS 9.1.3 and StatView 5.0.1, respectively.  
 
Results and Discussion 
Oxygen Isotopes 
        The 18O values of specimens from Units 7 and 4 in the Pinecrest Beds generally 
fall into two groups. Specimens from Unit 7 range from -1.8 to 2.0‰ and average -0.2‰, 
while those from Unit 4 range from 0.1 to 3.2‰ and average 1.9‰ (Fig. 2-2, Table 2-1).  
An exception is specimen PTF-1A from Unit 7 (range = 0.7–2.8‰, mean = 1.7‰).  The 
three specimens from the Caloosahatchee Formation range from -0.9 to 1.9‰ and 
average 0.4‰, slightly higher values than those from Pinecrest Beds Unit 7 but much 
lower than those from Unit 4.  
        The oxygen isotope profiles of all specimens are cyclical, reflecting seasonal 
temperature variation (Fig. 2-2). Most shell oxygen isotope profiles show two or more 
annual cycles. Large specimens (e.g., 112293) tend to have rapid growth rates in the first 
and second annual cycles and reduced growth rates in the subsequent cycles (Fig. 2-2 & 
2-3). Conus specimen 46317-1 shows a sudden increase of both δ18O and δ13C following 
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minima at 115 mm from apex, indicating a cessation of growth between late summer 
and winter. This hiatus corresponds to a recovery fracture from predation on the shell 
surface. 
The oxygen isotope profiles often have a sawtooth-shaped asymmetry with large 
increments during spring and summer and small increments during fall and winter, most 
clearly evident in samples 54437-1 and 54437-2. Note in the profile of 61689 the double-
peak pattern in which secondary δ18O minima (e.g., 40 mm) appear before more extreme 
summer values (e.g., 70 mm). This may reflect spring drought, which interrupts the 
decreasing δ18O trend, caused by warming, with a δ18O increase due to evaporation and 
reduced input of low-δ18O freshwater. Note that spring drought is common in Florida 
today.  
Carbon Isotopes 
         Similar to the oxygen isotope values, the carbon isotope values of Pinecrest Beds 
specimens also fall into two groups: specimens from Unit 7 range from 0.4 to 2.9‰ and 
average 1.9‰ while those from Unit 4 are much lower, ranging from -2.3 to 0.7‰ and 
averaging -0.9‰ (Fig. 2-2, Table 2-1). The Unit 7 specimen that shows exceptional δ18O 
values (PTF-1A) does not significantly differ in δ13C from other Unit 7 samples. The 
three specimens from Caloosahatchee Formation range from 0.6 to 3.2‰ and average 
1.9‰. These values are slightly higher than those from Pinecrest Beds Unit 7 and much 
higher than those from Unit 4.  
The carbon isotope profiles are more complicated than the oxygen isotope profiles 
(Fig. 2-2, Table 2-1). In some specimens (e.g., 54437-1, 54437-2, 39147-2), carbon 
isotope cycles correlate positively with oxygen isotope cycles.  Such correlations have 
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been attributed to salinity variations (Mook, 1971; Surge et al., 2003; Gentry et al., 
2008).  Other shells (e.g. 112293, PTF-1B2), however, show little δ13C-δ18O covariance. 
Other  
 
FIGURE 2-2––Oxygen and carbon isotope profiles of 14 gastropod shells collected in 
the middle Pliocene Pinecrest Beds in Sarasota and Highlands counties and Plio-
Pleistocene Caloosahatchee Formation in Hendry County. Isotope values are versus 
VPDB; paleotemperature calculated after Grossman and Ku (1986) eq. 1, assuming 
δ18Osw = 1.02‰ (Williams et al., 2009). 
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factors that can influence δ13C values include metabolic changes with ontogeny (e.g., 
Jones et al., 1983; Lorrain et al., 2004), which are evidenced in the overall decreasing 
trend in most specimens. The decreasing δ13C trend is also seen in modern Conus 
specimens (Kobashi and Grossman, 2003; Gentry et al., 2008). According to Klein et al. 
(1996), rapid growth rate, such as during the gastropod’s juvenile stage, correlates with 
low mantle metabolic activity and lesser influence of 13C-depleted metabolic CO2 on 
shell δ13C. As the specimen ages, however, slower growth rate and higher mantle 
metabolic activity result in greater influence of 13C-depleted metabolic CO2 and lower 
shell δ13C. Shell δ13C values may also reflect the spatial variations in the local seawater 
δ13C, as discussed later. 
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FIGURE 2-3––Growth curves of Conus and Turritella specimens (whorl length versus 
age) based on oxygen isotope cyclicity (highest and lowest values represent winter and 
summer respectively). Growth rates are calculated on semi-annual basis with W (winter) 
or S (summer) marking their final season of growth. 
 
Sr/Ca Ratios 
        Eight Conus and two Turritella shells were selected from the 14 specimens and 
analyzed for trace elements.  These shells provide a range of ages, localities, and taxa. 
Paired measurements of Sr/Ca and δ18O are plotted as a function of distance from apex on 
the spiral (Fig.2- 4). All the Conus specimens show significant negative correlation 
between Sr/Ca and δ18O. These results are similar to those found with modern Conus 
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specimens, which were used along with temperature measurements to define a Sr/Ca 
paleotemperature relation (Sosdian et al., 2006). The Sr/Ca ratios in the two Turritella 
shells do not correlate with δ18O. This contrasts with results for modern and Paleogene 
turritellids (Andreasson and Schmitz, 1998; Tripati et al., 2009). Differences in Sr/Ca–
δ18O correlations during juvenile and adult shell portions have been observed in several 
modern Conus specimens (Sosdian et al., 2006; Gentry et al., 2008), which may be 
caused by changes in habitat, metabolism, and/or diet. 
Sr/Ca ratios for Conus specimens from Units 7 and 4 have similar ranges, 1.37 to 
2.56 and 1.49 to 2.99 mmol/mol, and similar average, 2.04 and 2.11 mmol/mol, 
respectively (Fig. 2-4, Table 2-2).  Caloosahatchee samples have slightly higher Sr/Ca 
ratios, ranging from 1.79 to 2.57 mmol/mol and averaging 2.17 mmol/mol (excluding one 
large specimen, 112293 [see later discussion]), respectively. Note that Unit 7 and 4 
specimens, while differing in δ18O, do not differ in Sr/Ca ratio. 
Among the six Conus adversarius specimens, five have accordant Sr/Ca ratios 
averaging 2.09 ±0.11 (±1) mmol/mol, while one (112293) has significantly higher 
values averaging 2.87 ±0.33 mmol/mol. This abnormally high Sr/Ca ratio may be related 
to metabolic effects considering the extraordinary size and growth rate of this shell (Fig. 
2-3; Klein et al., 1996). Sr/Ca ratios for other Conus species in Unit 7, C. largillierti 
(PTF-1A) and C. spurius (PTF-3A), are slightly but significantly (p < 0.05) lower than 
those of C. adversarius (averaging 1.87 ±0.07 and 1.94 ±0.06 mmol/mol, respectively). 
These two specimens and species have the slowest growth rates, confirming the 
relationship between growth rate and Sr/Ca in Conus. This relationship suggests the 
possibility of a  
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FIGURE 2-4––Sr/Ca ratios and correlation with δ18O profiles. CA- Conus adversarius, 
CL- C. largillierti, CS- C. spurius, TG- Turritella gladeensis. 
 
growth-rate correction to refine the Conus Sr/Ca paleothermometer and its application to 
extinct species.  The two Turritella gladeensis shells show Sr/Ca ratios (averaging 2.37 
±0.04 mmol/mol) that are significantly higher than those of the Conus specimens, similar 
to results for Paleogene conids and turritellids (Sosdian et al., submitted).  
Other Trace Elements 
Other trace elements were analyzed including Mg, Cd, Ba, Mn, P, Fe, and U on 
select specimens to examine potential proxies for productivity and freshwater input 
(Table 2-2). P/Ca, in particular, has been used as a proxy for seawater nutrient levels and 
productivity (Montagna et al., 2006; LaVigne et al., 2008, 2010). Phosphorus may be 
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derived from upwelling or from freshwater sources.  Association of phosphorus with 
other elements provides clues to the phosphorus source. 
Principal component analysis shows that Fe and P have similar factor values 
(Table 2-3), suggesting that they are responding to the same environmental or metabolic 
factors.  P/Ca ratios in the six C. adversarius shells show similar values, with averages 
ranging from 176 to 261 μmol/mol. Unlike P/Ca ratios, Fe/Ca ratios show inter-species 
and environmental differences. Unit 7 specimens of C. adversarius, C. spurius and T. 
gladeensis show a large range (averages of 18, 163, and 13 μmol/mol respectively), while 
two C. adversarius specimens from Unit 4 have low averages (7 and 10 μmol/mol), and 
three C. adversarius specimens from the Caloosahatchee Formation have intermediate 
averages (37–81 μmol/mol).  
U/Ca ratios are only available for four Unit 7 specimens. Two T. gladeensis have 
relatively low average values (170 and 189 nmol/mol) while C. largillierti and C. spurius 
have high to very high average values (791 and 10623 nmol/mol, respectively).  
 Fe/Ca and P/Ca show a positive correlation in four C. adversarius specimens 
(112293, 54437-1, 54437-2, and 61689) but no significant correlations in the other one 
(46317-1; Fig. 2-5a). Two specimens with both Fe and U data show a correlation between 
U/Ca and Fe/Ca between specimens and within one specimen (PTF-1B2; Fig. 2-5b, Table 
2-2).  Although the overall patterns between P, U and Fe are irregular, high P/Ca and 
U/Ca values are exclusively found with high Fe/Ca values. 
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TABLE 2-2––Trace element data from ten molluscan specimens including Sr/Ca, 
P/Ca, Fe/Ca, and U/Ca
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TABLE 2-3––Principal component analysis on trace elements of ten molluscan 
specimens. 
 
 
 
 
 
 
 
 
 
 
 
 
Studies of central Florida’s modern freshwater sources help explain observed 
relations between P, U, and Fe in shells. Central Florida is known to have U-rich 
phosphate deposits in the Miocene Hawthorn Group (Osmond et al., 1985).  Furthermore, 
Tampa Bay (Florida) waters show local U enrichment attributed to transport across the 
sediment–water interface by processes such as bioirrigation and submarine groundwater 
discharge (Swarzenski and Baskaran, 2007). Submarine groundwater input of terrestrial 
nutrients has been documented for many coastal environments, including coral reefs 
(Slomp and Van Cappellen, 2004; Paytan et al., 2006; Moore, 2010).  High Fe is  
 
Factor 1 Factor 2 Factor 3 Factor 4 
Mg/Ca 0.60 -0.43 -0.33 -0.11 
Sr/Ca 0.13 -0.30 0.51 0.75 
Cd/Ca 0.31 0.66 -0.44 0.35 
Ba/Ca 0.13 -0.68 0.45 -0.19 
Mn/Ca 0.59 0.42 0.51 -0.29 
P/Ca 0.57 -0.44 -0.30 -0.19 
Fe/Ca 0.63 0.60 0.35 -0.12 
Al/Ca 0.78 -0.25 -0.18 0.30 
U/Ca N/A N/A N/A N/A 
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FIGURE 2-5––Trace elements in Plio-Pleistocene Conus shells from Florida: a) P/Ca 
versus Fe/Ca. b) U/Ca versus Fe/Ca.  
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associated with terrigenous influx in general, but is also delivered with other metals by 
submarine groundwater discharge (e.g., Windom et al., 2006) and correlates with U in 
pore waters at depths below the sediment-water interface of more than 25 cm in Tampa 
Bay (Swarzenski and Baskaran, 2007). At depths above 25 cm, Fe2+ oxidation can cause 
heterogeneous Fe values and a divergence in the U–Fe relationship in pore waters.  The 
heterogeneous distribution of submarine groundwater discharge and bioirrigated 
sediments can explain the variable nature of P, U, and Fe distribution between and within 
shells.  Overall, these trace element data suggest that the productivity on the Pliocene 
Florida Platform was enhanced by freshwater input of terrigenous nutrients, including 
input from submarine groundwater discharge.  
Oxygen Isotope and Sr/Ca Paleothermometry 
        Oxygen isotope paleotemperature determinations require estimation of Pliocene 
seawater δ18O on the Florida Platform. The Pliocene Atlantic seawater δ18O estimate 
from Williams et al. (2009) was used.  This was derived from a coupled ocean-
atmosphere general circulation model and follows the formula: 
δ18Osw = 0.24 - 0.008 (P - E), r
2 = 0.7 
where (P - E) is the precipitation minus evaporation estimate given in units of cm/yr.  
According to Williams et al. (2009), the calculated Pliocene δ18Osw
 for this locality is  
1.02‰. Such a high local 18Osw for the late Pliocene, a time of reduced continental ice 
volumes, implies highly evaporative waters comparable to modern waters with a 18O of 
1.7‰ and salinity of ~38 (assuming a global 18Osw  of 0.7‰  [Lear et al., 2000] and a 
18Osw–salinity slope due to evaporation of 0.35‰ per salinity unit  [Railsback et al., 
1989]). 
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 Figure 2-6 compares the reconstructed paleotemperatures with other estimates 
of Pinecrest paleotemperatures (Jones and Allmon, 1995) and with modern SSTs derived 
from buoy stations in Sarasota Bay area (http://www.ndbc.noaa.gov/maps/Florida.shtml). 
Statistical t-tests show that Unit 7 paleotemperatures (averaging 25.1 oC excluding PTF-
1A) are essentially identical to modern SSTs (averaging 24.5 oC). The Plio-Pleistocene 
Caloosahatchee Formation SSTs (averaging 22.5 oC) are slightly lower than Unit 7 
temperatures, which is in agreement with the late Pliocene cooling event (Lisiecki and 
Raymo, 2005). Paleotemperatures reconstructed from Unit 4 (averaging 16.1 oC), 
however, are significantly lower than those of Unit 7 and modern temperatures, and have 
a minimum of 10.1 oC, which is inconsistent with the warm water habitat of the species. 
Thus, the environmental waters during Unit 4 deposition must have been enriched in 18O 
relative to those during Unit 7 deposition.  
        Sr/Ca ratios can be used to test whether δ18O variation is due to temperature change 
or change in the δ18O of ambient water (Sosdian et al., 2006). Sosdian et al. (2006) have 
produced a Sr/Ca–temperature equation based on modern Conus ermineus from Stetson 
Bank in the Gulf of Mexico. Applying this equation to the Pinecrest samples, using 
modern seawater Sr/Ca values, yields unrealistic paleotemperatures of 21–49°C.  The 
high Conus Sr/Ca ratios cannot be explained by higher temperature and must be caused 
by either higher seawater Sr/Ca ratios in the Plio-Pleistocene or interspecies differences 
in distribution coefficient. Since all Conus shells in this study (six C. adversarius, one C. 
spurius, and one C. largillierti) give higher-than-modern Sr/Ca ratios, it is unlikely that a  
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FIGURE 2-6––Modern SSTs from National Data Buoy Center 
(http://www.ndbc.noaa.gov/maps/Florida.shtml) and middle Pliocene paleotemperatures 
from Cronin (1991), Jones and Allmon (1995) and this study. Dashed boxes indicate 
different units in the Pinecrest Beds; elliptical circle indicates the aberrant values of PTF-
1A.  
 
difference in distribution coefficient between modern and fossil samples can explain such 
significant differences in Sr/Ca ratios. Instead, these data along with data from Paleogene 
Conus and turritellids (Sosdian, 2008; Sosdian et al., 2009; Tripati et al., 2009) provide 
evidence that Cenozoic seawater Sr/Ca ratios were high relative to modern values. 
Despite the uncertainty of seawater Sr/Ca during the Plio-Pleistocene, Conus Sr/Ca ratios 
still can provide relative paleotemperatures for time intervals. 
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18O-δ13C Trends and the Florida Bay Model  
        The paleoenvironmental information provided by oxygen and carbon isotope 
profiles can determine which nutrient source, nearshore upwelling (Jones and Allmon, 
1995) or terrigenous input (Weinlein et al., 2008; Sliko and Herbert, 2009), was primarily 
responsible for higher Pliocene productivity off western Florida. Upwelling induces low 
δ13C and high δ18O, resulting in a negative δ18O–δ13C correlation. In contrast, input of 
freshwater runoff during rainy seasons lowers both δ18O and δ13C, resulting in a positive 
δ18O–δ13C correlation. Table 2-1 lists the linear regression δ18O–δ13C slope and 
correlation coefficient for all 14 specimens. Ten specimens show a strong positive 
correlation (p < 0.05), four samples show no significant correlation (p > 0.05), while 
none show a negative correlation. This suggests that the salinity-induced factor is evident 
in the δ18O and δ13C while the upwelling-induced factor is minimal. As discussed earlier, 
Allmon et al. (1996) observed negative covariances between carbon and oxygen isotopes 
in one Mercenaria campechiensis and two Turritella gladeensis specimens from older 
quarries in Pinecrest Unit 6/7. No other gastropod specimens show such a strong negative 
relationship. Thus, upwelling as a predominant cause for the high productivity in middle 
Pliocene Pinecrest Beds is questionable. The data presented, however, support the 
hypothesis that the high productivity was caused by terrigenous nutrient input from 
freshwater. 
Mixing with freshwater typically decreases seawater δ18O; however, Lloyd (1964) 
observed that excess evaporation caused 18O enrichment in the freshwater along the 
northern margin of Florida Bay. Lloyd also found that δ13C values in Florida Bay were 
lower than those in the open ocean due to the oxidation of organic debris. A study of 
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modern Florida Bay water (Swart and Price, 2002) shows that the brackish estuarine 
waters with salinities of 25–30 can have δ18O values as high as 4‰ (vs. VSMOW), a 
value higher than open seawater δ18O (2‰) in this area. Only when salinity becomes 
lower than 10 do brackish water δ18O values become significantly lower than open-ocean 
values. Considering their natural habitat, Conus and Turritella are unlikely to inhabit 
environments with such low salinities. If Pinecrest Unit 4 was deposited in a brackish 
environment similar to modern Florida Bay, it is entirely possible that mollusks recorded 
higher-than-open-seawater δ18O values. On the other hand, the middle Pliocene Unit 7 
was deposited in a typical offshore environment during a sea level high-stand (Allmon, 
1993). Therefore, Unit 7 seawater would be lower in δ18O than Unit 4 water.  
Analyzing modern mollusk shells from Florida Bay, Halley and Roulier (1999) 
reported a gradient from high δ18O and low δ13C in northeastern Florida Bay (more 
lagoonal) towards normal δ18O and δ13C in southwestern Florida Bay (near open water; 
Fig. 2-7). Using their model, the Unit 4 isotope values fit exactly in the nearshore 
lagoonal data field (red, orange, and green ellipses) while Unit 7 isotope values fit in the 
open ocean data field (purple ellipse). Although the sample locations of Units 4 and 7 are 
on the west coast of Florida instead of Florida Bay, similar environmental conditions and 
thus a similar isotopic gradient likely existed in the middle-late Pliocene. The outlier  
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FIGURE 2-7––a) Sample sites in Florida Bay from Halley and Roulier (1999). Red, 
orange, green, blue and purple colors mark lagoonal to open-sea environments. b) δ18O-
δ13C data from this study projected onto the circles related to the molluscan isotopic 
values from locations in 7a. 
 
specimen in Unit 7, PTF-1A, which lies in the blue ellipse in the midst of those two 
extremes, remains a mystery and may represent a brief interval of restriction or drought. 
 In light of the Florida Bay model, the upwelling signal of Mercenaria 
campechiensis specimen MC 130 analyzed by Jones and Allmon (1995) can be 
reinterpreted as representing an intermediate environment fluctuating seasonally between 
restricted (high 18O, low δ13C) and more open ocean (low 18O, high δ13C) conditions  
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FIGURE 2-8––Oxygen and carbon isotopic data for Mercenaria campechiensis (MC121 
and MC130) and Carolinapecten eboreus (CE139) from Jones and Allmon (1995) 
compared with data fields for mollusks analyzed in this study.    
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(Fig. 2-8).  The 18O values of MC 130 are higher than those of the other M. 
campechiensis in the study (MC 121), consistent with the restricted, lagoonal 
environment for the former.  Furthermore, MC 130 yields lower δ13C values than MC 
121, consistent with this model. 
        Although oxygen and carbon isotopes in molluscan shells have been used as a 
paleosalinity index in estuarine environments (Hudson, 1963), caution should be 
exercised in hydrologically restricted areas like swamps or lagoons (Lloyd, 1964; Swart 
and Price, 2002). In addition to modern Florida Bay and Unit 4 of the Pinecrest Beds, 
high δ18O values have also been found in what appear to be highly-evaporated, brackish 
lagoons of middle Jurassic Bathonian age in central England and Scotland (Hendry and 
Kalin, 1997; Holmden and Hudson, 2003). Contrary to Florida Bay and Pinecrest waters, 
however, the Bathonian lagoon waters are enriched in δ13C, possibly due to in situ 
photosynthesis and enhanced burial of organic carbon (Hendry and Kalin, 1997).  
  
Summary 
  Stable isotope and trace element analyses of Conus and Turritella gastropods 
shells indicate that the dominant cause of high tropical productivity off Florida’s west 
coast (Pinecrest beds) during the middle Pliocene was not upwelling, but rather nutrient 
input from freshwater sources, including submarine groundwater discharge. This 
conclusion is based on (1) the lack of an upwelling signature in δ13C and 18O, (2) 
correlations between P/Ca, Fe/Ca, and U/Ca, and (3) 18O–δ13C patterns similar to those 
of Florida Bay mollusks. Unusually high δ18O values for specimens from Pinecrest Unit 
4, believed to be a brackish environment based on faunal assemblage, indicate 
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evaporative 18O enrichment of brackish seawaters. This interpretation is supported by 
(1) the similar Sr/Ca values for shells from both units, and (2) the coincidence of the 
δ18O–δ13C pattern of the shells and that of mollusks from modern Florida Bay. These 
results highlight the utility of combining trace elements with stable isotopic analyses to 
understand complex environments with excess evaporation and submarine groundwater 
discharge. 
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CHAPTER III 
QUANTIFYING UPWELLING AND FRESHENING IN NEARSHORE TROPICAL 
ENVIRONMENTS USING STABLE ISOTOPES IN MODERN TROPICAL 
AMERICAN MOLLUSKS 
Overview 
 Proxies for nutrients delivered by upwelling and freshwater input in ancient 
marine ecosystems are critically required for understanding tropical origination, 
extinction, and diversity changes associated with environmental change. In order to 
identify and quantify differences in upwelling and terrigenous influences in contrasting 
ecosystems, this study performs stable isotope analyses (δ13C and δ18O) on 13 serially-
sampled modern Conus shells collected from southwestern Caribbean (SWC, non-
upwelling) and tropical eastern Pacific (TEP) Gulf of Chiriquí (non-upwelling) and Gulf 
of Panama (upwelling) coastal waters across the Central American Isthmus (CAI). Most 
shells reveal seasonal variations in temperature and (or) the oxygen isotopic composition 
of the water, which varies with salinity. Unusually high or low seasonal δ18O values in 
the shells measure the intensity of seasonal upwelling or freshwater input respectively. 
To quantify upwelling and freshening signals and contrast these signals between regions, 
baseline δ18O values that are free of seasonal upwelling or freshening influences have 
been estimated from temperature and salinity data loggers and the World Ocean Atlas 
2001 (WOA 2001) database using average temperature during non-upwelling periods and 
normal (dry-season) salinity.  Shell δ18O values normalized to the baseline reveal little or 
no upwelling in SWC and Gulf of Chiriquí, and strong upwelling in the Gulf of Panama, 
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as well as strong freshwater input in most areas. For example, dry-season δ18O values 
for Gulf of Panama Conus can exceed the baseline by as much as 2‰, which equates to 
seawater temperatures ~9°C lower than normal. In contrast, rainy-season δ18O values can 
be as low as 1.8‰ below the baseline, equivalent to seawater salinities ~7 lower than 
normal. No shells from the Gulf of Panama had the negative δ13C–δ18O (δ –δ) 
correlations that are often associated with upwelling of cool, 18O-enriched, 13C-depleted 
waters. However, when data from the upwelling seasons (usually January to April) of 
Gulf of Panama shells are isolated, four of the five shells tested show significant negative 
δ –δ correlations, indicating that the freshwater signal during the rainy, non-upwelling 
season masks the expected upwelling profile. 
 
Introduction 
 Formation of the Central American Isthmus (CAI) isolated the Pacific and 
Caribbean during the late Neogene and Pleistocene (Coates and Obando, 1996) resulting 
in major oceanographic and biological change in Tropical America (Fuglister, 1960; 
Glynn, 1972; Keigwin, 1978; D’Croz et al., 1991 ). Detailed environmental data from 
coastal waters during the formation of the Isthmus is lacking (Schmidt, 2007; Farris et al., 
2011), hindering our understanding of the evolutionary and ecological origins of the 
modern Tropical American marine fauna (D’Croz and O’Dea, 2007). 
Modern coastal waters around the CAI show extreme hydrologic variability. This 
is principally caused by the presence of strong seasonal wind-jet driven upwelling in the 
TEP and the general absence of upwelling in SWC (D’Croz and Robertson, 1997, D’Croz 
and O’Dea, 2007). Additionally, within each ocean there are substantial environmental 
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differences particularly in the origins of nutrient-rich waters critical for maintaining 
productivity. 
In this paper we characterize a variety of modern Tropical American coastal 
environments by performing stable isotope analyses of serially-sampled molluscan shells. 
In doing so, we provide a reference for interpreting isotopic variations in fossil mollusk 
shells to characterize the changing environmental conditions associated with the uplift of 
the CAI.  
Modern Tropical American Hydrology 
Trade winds blowing across the CAI from late December to late March/April 
push coastal waters offshore in several areas along the Pacific coast, such as the Gulf of 
Panama, resulting in strong seasonal upwelling. This contributes to the contrast between 
the tropical eastern Pacific (TEP) and the southwest Caribbean (SWC). TEP coastal 
upwelling brings cold, nutrient-rich water to the surface and greatly increases primary 
productivity (D’Croz and O’Dea, 2007). The TEP is also affected by El Niño events, yet 
the influence of El Niño on upwelling in the TEP remains unclear (Agujetas and 
Mitchelson-Jacob, 2008, O’Dea and Jackson, 2002). In contrast, SWC waters generally 
don’t experience seasonal upwelling, although there are three areas in the northern coast 
of Colombia and Venezuela that experience Eckman-driven upwelling (Reuer et al., 
2003). Consequently, the most striking differences across the isthmus is that upwelling in 
TEP brings nutrients driving a fervent planktonic productive system, whereas in the SWC 
the productivity is shifted to the benthos because nutrients are considerably lower and 
supplied by terrigenous runoff (D’Croz et al., 2005, D’Croz and O’Dea, 2007). Trade 
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winds also lead to Caribbean waters being more saline as evaporation exceeds 
precipitation (Fuglister, 1960; Glynn, 1972; Keigwin, 1978; D’Croz et al., 1991).  
 Despite the inter-ocean differences, neither the TEP nor the SWC environments 
can be so simply characterized. In the TEP, the variation of upwelling is correlated with 
the altitude of CAI. During the boreal winter the trade winds are built up by the high 
pressure in the SWC and Gulf of Mexico. Only where the CAI is sufficiently low will the 
trade winds be able to pass over the cordillera of Central America and be intense enough 
to push surface water away from the Central American coast, creating room for upwelled 
deep water (D’Croz and O’Dea, 2007). This wind-driven upwelling occurs in the Gulf of 
Panama, but not in the Gulf of Chiriquí, where the altitude of CAI is much higher.   In the 
SWC, in addition to the three Eckman-driven upwelling regions, the seasonal surface 
water run-off pattern also varies along the Caribbean coast resulting from the seasonal 
movement of the intertropical convergence zone (ITCZ). For example, mean annual 
rainfall varies along the Caribbean coast and is highest near the canal zone (Lachniet and 
Patterson, 2002, 2006).   
Stable Isotopes as Chronicle of Environmental Conditions 
Oxygen and carbon isotopes in serially-sampled mollusks can provide high-
resolution seasonal and inter-annual environmental records. Oxygen isotopes in serially-
sampled mollusks have been used as a proxy of sea surface temperatures (SSTs) for 
decades (e.g., Lowenstam and Epstein, 1954; Krantz, 1990; Jones and Allmon, 1995; 
Kobashi et al., 2003; Surge and Walker, 2006). Carbon isotopes, though influenced by 
vital effects (e.g., Gillikin et al., 2006), still provide an environmental record of ambient 
dissolved inorganic carbon (DIC) δ13C (Mook, 1971; Fritz and Poplawski, 1974; Gentry 
 
 
36 
 
et al., 2008; Beirne et al., 2012).  The coupling of oxygen and carbon isotopic profiles 
can be used to detect seasonal upwelling (Killingley and Berger, 1979) and freshwater 
input (Mook, 1971). In the absence of other influences, shell deposited during upwelling 
seasons will have higher δ18O and lower δ13C than shell deposited during non-upwelling 
seasons.  This is because upwelled waters are cool, 18O-enriched, and 13C-depleted, 
resulting in a negative δ18O–δ13C correlation. Conversely, carbonate deposited during 
freshwater input is generally depleted in both δ18O and δ13C, a reflection of the 18O-
depletion of meteoric waters and 13C depletion of soil CO2. This results in a positive δ–δ 
correlation in the isotopic profiles of mollusks.          
 Previous studies of modern mollusks from the TEP and SWC have successfully 
used oxygen isotopes to distinguish upwelling and non-upwelling environments (Geary et 
al., 1992; Bemis and Geary, 1996). Geary et al. (1992) observed a significantly higher 
δ18O range for strombid gastropods from Gulf of Panama (4.5‰) versus Caribbean non-
upwelling areas (1.5‰). Bemis and Geary (1996) obtained similar results for venerid 
bivalves, showing large δ18O ranges in shells from upwelling regions compared with 
shells from non-upwelling regions.  The present study builds upon the previous work by 
Bemis and Geary (1996), but rather that analyzing slow-growing bivalve shells we 
analyze fast-growing Conus shells to provide high resolution isotopic profiles.  
Furthermore, the data are used for the first time to quantify upwelling and freshening, 
both critical factors in nutrient delivery and productivity. These data are then used to 
develop a method for quantifying upwelling and freshwater influence in ancient tropical 
environments.  
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FIGURE 3-1––Map of sample localities and WOA and temperature logger sites.  
 
Study Area 
To help isotopically characterize the variability in isthmian waters, we analyzed 
13 gastropod shells collected from a variety of environmental settings. Specifically, three 
non-upwelling areas in the Caribbean (Bocas del Toro, 9.4460°N, 82.3245°W; San Blas 
Archipelago, 9.4400°N, 78.5850°W; Golfo de los Mosquitos, 8.8355°N, 81.2323°W), 
and upwelling (Gulf of Panama, 7.9883°N, 79.2500°W) and non-upwelling (Gulf of 
Chiriquí, 7.8650°N, 82.1800°W) areas on the Pacific coast of Panama (Fig. 3-1). 
Specimens from the Pacific coast were collected in coarse sands at depths of 10 to 61 m. 
The Caribbean samples were collected from sediments ranging from muddy to coarse 
sands at depths of 11 to 41 m (Table 3-1). 
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 Figure 3-2A shows the temperature and salinity profiles for each sample 
location at different depths through the year 2001 derived from the World Ocean Atlas 
2001 (WOA  
 
TABLE 3-1––Specimen taxonomy, location information, collection date, and 
dimensions. 
 
2001; Conkright et al., 2002) database. Also shown are the expected shell δ18O values 
based on estimates of seawater temperature and salinity in each sample location and 
Sample ID Species Location1 
Collec-
tion Date 
Lati-
tude 
Longi
-tude 
Shell 
length 
(cm) 
Shell 
width 
(cm) 
Whorl 
length 
(cm) 
Sedi-
ment 
type2 
Caribbean         
TA06-294A Conus 
spp. 
GoM 8/20/06 8.84 -81.23 28.5 12.5 76.0 BSS 
TA06-294B Conus. 
spp. 
GoM 8/20/06 8.84 -81.23 16.3 8.9 23.5 BSS 
SB95-1 Conus 
mus 
San Blas 10/14/95 9.44 -78.59 23.4 13.4 57.5 BMT 
TA04-10A Conus 
jaspideus 
Isla 
Colon, 
BdT 
9/30/04 9.45 -82.32 21.3 12.2 52.5 MSC 
TA04-10B Conus 
jaspideus 
Isla 
Colon, 
BdT 
9/30/04 9.45 -82.32 20.5 12.2 53.5 MSC 
TA04-10C Conus 
jaspideus 
Isla 
Colon, 
BdT 
9/30/04 9.45 -82.32 22.3 11.9 52.0 MSC 
Pacific          
GP97-17A Conus 
recurvus 
GoP 2/16/97 7.99 -79.25 52.3 23.2 162.4 CS 
GP97-17B Conus 
mahogani 
GoP 2/16/97 7.99 -79.25 36.3 16.4 72.7 CS 
301474 Conus 
patricius 
GoP 3/18/00 8.27 -78.89 46.2 25.9 140.2  
301490A Conus 
ximenes 
GoP 3/15/00 8.27 -78.91 38.3 17.1 123.0  
301490B Conus 
ximenes 
GoP 3/15/00 8.27 -78.91 30.4 12.6 73.8  
GC97-80A Conus 
arcuatus 
GoC 3/21/97 7.87 -82.18 41.9 20.1 123.0 MS 
GC97-80B Conus 
arcuatus 
GoC 3/21/97 7.87 -82.18 30.1 13.8 69.0 MS 
          
1GoM = Golfo de los Mosquitos, BdT = Bocas del Toro, GoP = Gulf of Panama, GoC = Gulf of Chiriquí. 
2BSS = brown sediments with many shells, BMT = brown terrigenous mud, MWC = mud with sands and abundant 
cupuladriids, CS = coarse sand, MS = muddy sand. 
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depth (Fig. 3-2B; details for this calculation will be discussed later). Note that both 
temperature and 18O profiles flatten in deep waters (100 m) because of little variation in 
temperature and salinity below the thermocline (~60 m). Maximal temperature variations  
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FIGURE 3-2––Temperature and salinity profiles at depths of 0, 10, 20, 50, 75 and 100 
m, and the estimated shell δ18O profiles for each sample locality using Ocean Data 
View World Atlas 2001 database (Conkright et al., 2002). 
 
are found in water depths of 20–50 m where strong seasonal upwelling occurs. Maximal 
salinity variations are found in surface waters due to the dominant influence of freshwater  
runoff in the rainy season. For most of the Panamanian coast, intense rainfall starts in 
May and lasts until December, while the dry season occurs from January to April. The 
Gulf of Panama experiences upwelling during the dry season when narrow wind-jets 
blow across the isthmus causing offshore water movement (D’Croz and Robertson, 1997; 
D’Croz et al., 2001). Upwelling is absent during the rainy season. This creates a 
significant contrast between the SWC and TEP seasonal temperature patterns as seen in 
temperature logger records from Smithsonian Tropical Research Institute (STRI) 
monitoring stations in Bocas del Toro and Gulf of Panama (Fig. 3-3; 
http://www.stri.si.edu/sites/esp//mesp/water_quality/water_quality_intro.htm) as well as 
WOA data (Figure 3-2A, Conkright et al., 2002). In the Gulf of Panama, sea surface 
temperatures (SSTs) can drop from ~28.5°C during non-upwelling (rainy) periods to as 
low as 15.5°C during upwelling (dry) intervals.  In contrast, at Bocas del Toro the 
seasonal SST variations typically are within ±1°C (2) of the mean (28.6°C) (Kaufmann 
and Thompson, 2005). Though the Gulf of Chiriquí is characterized as non-upwelling, 
seasonal shoaling of the thermocline to nearly 30 m does occur in response to seasonal 
trade winds passing over the isthmus. The higher elevations north of Gulf of Chiriquí, 
however, preclude the development of wind-jets and strong upwelling (Fig. 3-2; D’Croz 
and O’Dea, 2007; Liang et al., 2009). 
Methods 
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 Prior to sampling for stable isotopic analysis, all gastropod specimens were 
cleaned, polished and ultrasonicated to remove extraneous materials from surfaces. Serial  
 
FIGURE 3-3––Temperature records from logger data from 4 m depth at Cayo Agua 
(Bocas del Toro) and 12 m depth at Pacheco (Gulf of Panama) watch station of 
Smithsonian Tropical Research Institute (grey curve) compared with WOA temperature 
data (black curve) and shell δ18O (color curves). 
 
sampling was applied at 2–3 mm intervals, starting from the apex of the shell spiral, to 
collect sample powders from shallow grooves perpendicular to growth direction using a 
0.5 mm Brasseler carbide dental drill bit. Approximately 300 µg of powder was collected 
for each sample.  For each analysis, about 100–150 µg sample powder was reacted with 
“100%” phosphoric acid at 70°C  on a GasBench II gas handling system. The CO2 gas 
generated was then analyzed on a DeltaPlusXP isotope ratio mass spectrometer.  All 
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results were calibrated to Vienna-PDB using NBS-19 standard. At least every fifth 
sample was analyzed in replicate to test for quality control.  
Shell chronologies were determined using comparisons with expected δ18O 
profiles for the appropriate sample location and depth. These profiles were estimated for 
analyzed specimens using modern temperatures and salinities obtained through Ocean 
Data View (ODV) software using the WOA 2001 database (Fig. 3-2, Conkright et al., 
2002). Data for 2001 were chosen because this year provides the highest spatial (quarter 
degree) and temporal resolution (monthly) among all the years covered by the WOA 
database.  For each sample location, at least two nearby WOA stations were chosen and 
averaged. Seawater δ18O values were calculated from salinity data using relationships 
derived by Fairbanks et al. (1992) for Pacific and Atlantic waters.  
 δ18Ow, Pacific = 0.26S - 8.77 (1) 
 δ18Ow, Atlantic = 0.19S - 5.97 (2) 
Currently, surface water samples for isotopic and salinity measurements are being 
collected twice-weekly at the Galeta Marine Laboratory (SWC, 9.4029 N, 79.8608 W) 
and Naos Island Marine Laboratory (Gulf of Panama, TEP, 8.9159 N, 79.5322W) of the 
STRI (Robbins, Morales, Thompson, Grossman, and O’Dea, in prep.). Once a complete 
year has been sampled, the water sample data will be used to produce a regional δ18Ow–
salinity correlation that will be used in place of the general equations of Fairbanks et al. 
(1992). Preliminary data from March to August 2011 are shown in Fig. 3-4 and yield  
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FIGURE 3-4–– Average monthly seawater δ18O versus salinity for water samples 
collected twice-weekly at the Galeta Marine Laboratory (Caribbean) and Naos Island 
Marine Laboratory (Pacific) of the Smithsonian Tropical Research Institute compared 
with the Fairbanks et al. (1992) equations for the Atlantic and the Pacific Oceans 
(Robbins, Morales, Thompson, Grossman, and O’Dea, in prep). 
 
slopes and y-intercepts that, within the precision, agree with those of Fairbanks et al. 
(1992).  Expected shell δ18O values were then determined from the temperature and 
seawater δ18O using Grossman and Ku (1986, eq. 1 in that paper as modified by Hudson 
and Anderson, 1989), 
 T(°C) = 19.7 - 4.34 (δ18Oaragonite - δ
18Ow) (3) 
which can be written as: 
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 δ18OTEP shell =(19.7-T) / 4.34 + 0.26S - 8.77 (4) 
 δ18OSWC shell=(19.7-T) / 4.34 + 0.19S - 5.97 (5) 
 When temperature logger data were available (e.g., Bocas del Toro and Gulf of 
Panama, both in daily resolution), chronologies were easily established by comparing the 
measured δ18O with the seawater temperature profile (Figs.3- 3A&B). For the remainder 
of sample locations the relatively low-resolution (monthly) WOA 2001 data were used 
(Fig. 3-2). The sclerochronologies were established as follows.  Firstly, the months with 
maximum and (or) minimum expected δ18O were identified as reference points and 
assigned to the 15th day of that month. For live-collected specimens, collection date was 
also used as a reference point. Next, the measured maximal, minimal and last growth 
δ18O values of each annual cycle were assigned to the appropriate date for that location. 
Lastly, a constant growth rate was assumed between reference points. Growth curves 
based on these chronologies are shown in Fig. 3-4; note only one specimen from the 
SWC (SB95-1 from San Blas) was plotted because most SWC annual cycles are 
unrecognizable.  
 
Results  
Oxygen Isotopes  
 The averages, ranges, and extreme δ18O values for modern Conus shells from 
SWC and TEP areas are summarized in Table 3-2. Overall, values of Gulf of Panama 
(TEP upwelling) shells have larger δ18O ranges and lower δ18O averages than SWC 
shells, while the two deeper specimens (GC97-80A & B, 61 m) from the Gulf of Chiriquí 
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(TEP, non-upwelling) have ranges between the SWC and Gulf of Panama shells and 
the highest averages.  
 Samples from the three nearshore localities in the SWC generally show little 
seasonal variation and small overall range, thus resulting in relatively flat δ18O profiles 
(the figure on page 47 and Table 3-2). Two specimens from Golfo de los Mosquitos 
(TA06-294A & B) average -0.9‰ and -0.6‰ and have ranges of 0.8‰ and 0.4‰, 
respectively. The larger shell, 294A, with a whorl length of 76.0 mm, shows one 
minimum and one maximum in δ18O, which appear to reflect one year of growth. The 
smaller shell, 294B (whorl length = 23.5 mm), has a shorter record which is likely 
responsible for the lower seasonality relative to 294A. Three specimens from Bocas del 
Toro (TA04-10A, B & C) have average 18O values of -0.8‰ to -1.3‰ and ranges of 
0.7‰ to 1.0‰.  The mean values are close to those of the Golfo de los Mosquitos shells 
but slightly lower. A single specimen from San Blas (SB95-1) shows a significantly 
lower average δ18O value of -1.6‰ and a larger annual range of 1.6‰ with recognizable 
annual cycles. 
 In contrast to shells that represent SWC non-upwelling waters (TEP upwelling), 
Conus shells from the Gulf of Panama (TEP) have δ18O profiles that show substantial 
seasonal variations, revealing 2 to 6 years of growth (the figure on page 47). Importantly, 
maximal δ18O values (averaging -0.4‰) exceed those of SWC samples 
(averaging -0.6‰) despite TEP seawater being lower in δ18O by 0.3 to 0.6‰ (Table 3-2). 
Mean δ18O values fall between -1.4 and -2.1‰ and annual ranges are between 2.3 and 
3.2‰.  Based on the chronology provided by the δ18O profiles, most shells show faster 
growth (greater linear extension rate) during their juvenile years (first one or two years; 
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Figs. 3-5 and 3-6). This pattern of Conus shell growth has also been observed by 
Perron (1983), who interpreted  
 
FIGURE 3-5––Growth curves based on chronologies established by shell δ18O profiles. 
 
 
 
47 
 
 
FIGURE 3-6––δ18O and δ13C profiles of each specimen, together with the expected shell 
δ18O profiles estimated from WOA data. 
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TABLE 3-2––Specimen information and environment, and stable isotope values and 
correlations. Blue figures represent values from the dry season only. 
 
 
the change in shell growth pattern as a shift in energy from growth to spawning with 
maturity. Within each year, growth is mostly faster from maximum to minimum δ18O 
(note the reverse scale of isotope values), thus creating an asymmetrical sawtooth pattern 
suggestive of enhanced spring growth during upwelling (see also Kobashi and Grossman, 
2003). 
 The Gulf of Chiriquí shells (GC97-80A & B), presumably representing TEP non-
upwelling conditions, show moderate seasonal variations and annual ranges with subdued 
cyclicity. The mean δ18O values of each specimen are 0.2‰ and 0.4‰, respectively and 
the annual ranges are both 1.3‰. This annual range lies between those of shells growing 
in the highly-upwelling environments of the Gulf of Panama and shells growing in the 
non-upwelling SWC environments. The mean δ18O values are significantly higher (p < 
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0.05) than those for the other two areas, probably due to the greater depth (61 m vs. 10 
to 15 m for shells from Gulf of Panama and 11 to 41 m for shells from SWC waters). 
Carbon Isotopes 
 Unlike oxygen isotopes, carbon isotopes show greater differences within each 
locality rather than between localities (Figs. 3-6 & 3-7). There are no distinct seasonal 
variations within the shell profiles though a long-term trend is sometimes present in 
which the δ13C values decrease with ontogeny (e.g. SB95-1, GP97-17A, and GC97-80A). 
The mean δ13C values of both SWC and TEP samples mostly fall between 1.3‰ and 
2.3‰, with two exceptions (TA04-10C, 0.9‰, and GP97-17B, 0.8‰).   
Discussion 
Expected versus Measured Oxygen Isotope Profiles  
 Nearshore marine environments proximal to freshwater sources can be highly 
variable, both spatially and temporally, complicating comparisons between shell isotopic 
profiles and environmental data collected kilometers to tens of kilometers from the shell 
recovery site.  As discussed earlier, environmental temperature and salinity data were 
available from offshore oceanographic sites (WOA) and, in certain cases, from nearshore 
temperature logger sites. WOA data from Bocas del Toro (SWC) generally agree with 
logger data (within ±1°C, Fig. 3-3A). For the Gulf of Panama (TEP) sites, the WOA data 
agree with high (rainy season) temperatures but do not capture the lowest temperatures 
during the upwelling season, perhaps because upwelling is patchy and sporadic, resulting 
in higher average temperatures and reduced annual range (Fig. 3-3B). 
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FIGURE 3-7––δ13C versus δ18O for all Conus shells (A) and for samples in the dry 
season only (B). Orange and blue symbols represent Caribbean and Pacific specimens 
respectively. 
 
Most of the measured average SWC δ18O values are statistically identical to the 
expected δ18O values, while the average TEP δ18O values are significantly (0.2–1.2‰) 
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lighter (Table 3-2). The ranges of measured δ18O values from the SWC shells are 0.2–
1.4‰ lower than the ranges of expected δ18O values, except for SB95-1, which is 0.5‰ 
higher. In contrast, the ranges of measured δ18O values from the TEP shells are 0.1-1.0‰ 
higher than the expected δ18O ranges. For the Bocas del Toro and Gulf of Panama shells, 
the measured δ18O profiles match well with the logger temperature profiles (Fig. 3-3), 
though with slightly lower resolution (weekly to fortnightly for the stable isotopic 
analyses compared with daily for the logger data) and with time-averaging of three to 
seven days in each sample hole (calculated using shell chronology). For the Bocas del 
Toro shells, differences between measured δ18O values and WOA data may be caused by 
inter-annual fluctuations (i.e. WOA data for the year 2001 compared with logger and 
isotopic data for the year 2004).  For the Gulf of Panama shells, WOA data do not appear 
to record the temperature minima during the upwelling season (as mentioned earlier), 
resulting in higher average temperatures and reduced annual range. This could explain 
the range difference in the TEP shells mentioned above. However, WOA average 
temperatures are already higher than logger temperatures, and our δ18O-derived mean 
temperature are even higher (i.e., δ18O values lighter [e.g. specimens 301474 and GC97-
80B], Fig. 3-6). The likely explanation is that the salinity at the nearshore localities is 
lower than that estimated from the WOA.  
 Isotopic Proxies for Upwelling and Freshwater Input 
 We argue here that oxygen isotope profiles can be used to quantify seasonal 
upwelling and freshening signals. Baseline shell δ18O values (no upwelling or freshening) 
are calculated using average temperature during the non-upwelling season, “normal” 
seawater 18O, and the Grossman and Ku (1986) equation.  “Normal” seawater 18O is 
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calculated from dry-season salinities from logger or WOA data and the 18Ow-salinity 
relationship of Fairbanks et al. (1992). These range from 32 to 36 psu (Table 3-2).  
 We can assume that shell δ18O values seasonally greater than the baseline (i.e., 
plotting below the baseline in Fig. 3-8) can only be caused by cooler temperatures as 
normal seawater salinity fixes the upper limit of seawater δ18O. Because tropical SSTs 
are relatively stable when not upwelling, unusually cool temperatures undoubtedly reflect 
upward water mass transport (Fig. 3-2A). Shell δ18O values less than the baseline (i.e., 
plotting above the baseline) no longer represent temperature variations, but salinity 
variations caused by freshening. Salinities can be derived from Fairbanks et al. (1992) 
and Grossman and Ku (1986): 
 SPacific= ((δ
18Oshell + 8.77) - (19.7 - T) / 4.34) / 0.26 (6) 
 SAtlantic= ((δ
18Oshell + 5.97) - (19.7 - T) / 4.34) / 0.19 (7) 
where -8.88‰ and -4.61‰ are the average freshwater input into the tropical Pacific and 
Atlantic, respectively. These values are reasonable approximations of runoff on the 
Pacific and Caribbean sides of Panama (Lachniet and Patterson 2006, Lachniet 2009), 
and are supported by preliminary data for coastal water on the Pacific and Caribbean 
sides of the isthmus (Fig. 3-4). Figure 3-8 shows that the Gulf of Panama specimen 
GP97-17A recorded temperatures of upwelled seawaters as low as 23°C and salinities of 
freshened seawaters as low as 30.5 psu from a dry-season salinity of 35 psu. The error bar 
is calculated based on the standard deviations of the environmental data (salinity and 
temperature) and the error in the Fairbanks equations. 
 Figure 3-9 plots all the shell δ18O values normalized to baseline. The gray bars 
represent ±1 error based on determinations of baseline, derived from the uncertainty in  
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FIGURE 3-8––δ18O and δ13C profiles of specimen 301490A with δ18O baseline. δ18O 
values lower than the baseline values are calibrated to salinity change while those higher 
than the baseline values are calibrated to temperature change. 
 
temperature and salinity within and between each WOA sites and the error in δ18Ow–S 
relationship, where the T and S errors within each WOA sites are their internal standard 
deviations, the T and S errors between nearby WOA sites for each sample are their 
external standard deviations, and the error in the δ18Ow–S relationship is the standard 
deviation of residuals in the Fairbanks et al. (1992) regression model (Fig. 3-4).  Seventy-
five percent of the SWC δ18O values lie below (to the left of) the baselines, with isotopic 
salinities up to 7 psu below baseline, suggesting strong freshening and little or no 
upwelling. Thus freshwater input helps drive productivity in this locality. The Gulf of 
Panama sample profiles (TEP upwelling area) fluctuate across the baseline, suggesting 
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both freshening and upwelling. Samples 301494A and GP97-17A in this area show the 
greatest evidence for upwelling, with isotopic temperatures up to 9oC below baseline 
(Fig. 3-8, 3-9). The Gulf of Chiriquí (TEP non-upwelling) profiles, however, lay largely 
within the error of the baseline, except for several data points in GP97-80B. This suggests 
little or no upwelling in the SWC but strong upwelling in the TEP upwelling areas, as 
predicted above. Temperature and salinity relative to baseline values are calculated using 
their δ18O values. The temperatures of TEP upwelled waters are at least 4°C  lower than 
baseline values, suggesting upward movement of nutrient-rich waters of more than 60 m 
(D’Croz and O’Dea, 2007).  Isotopic profiles document rainy-season salinities as low as 
24 psu in the Gulf of Panama.    
 The upwelling and freshening events can be identified using δ13C–18O 
covariance within shell isotopic profiles. Upwelling brings cold, saline deep water (18O 
enriched but 13C-depleted) to the surface, resulting in 18O enrichment and 13C depletion in 
shell carbonate (e.g., Killingley and Berger 1979, Jones and Allmon 1995). In contrast, 
freshwater input decreases both δ18O and δ13C values, resulting in a positive correlation 
(e.g., Mook 1971). Surprisingly, with minor exception these relationships are not 
apparent in the Panama samples. Table 3-2 lists the slopes, correlation coefficients, and 
p-values of δ–δ correlations of all the specimens (also seen in Figure 3-7A). Only three 
out of 13 specimens show significant correlations (p < 0.05). However, among those 
three specimens, two from TEP upwelling area (GP97-17B and 301474) actually have 
positive  
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FIGURE 3-9––Box and whisker plot of shell δ18O values normalized to baseline values 
for all specimens. Gray bars represent analytical error (1σ) for each sample location. δ18O 
values lower than the baseline values are calibrated to salinity change (note that TEP and 
SWC samples have different scale) while those higher than the baseline values are 
calibrated to temperature change. 
 
δ18O–δ13C correlations. No inverse correlation between δ18O and δ13C was found in the 
bivalve and gastropod shells from the TEP upwelling areas studied by Geary et al. (1992) 
and Bemis and Geary (1996). Geary et al. (1992) proposed that the absence of negative  
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δ–δ correlations in this upwelling area may be caused by intense freshwater input 
during the rainy season, which mitigates the upwelling signal during the dry season. 
Similar to upwelling, freshwater input during the rainy season introduces 13C- depleted 
DIC into marine waters, masking the effect of 13C depletion during upwelling. Because of 
this effect, Matthews et al. (2008) found no significant difference in marine δ13C between 
upwelling and non-upwelling times in the Gulf of Panama. Confirming this, a closer 
examination by isolating dry season data (according to the shell chronology) from the 
remaining shell growth reveals significant correlations (p < 0.05) in four of the five Gulf 
of Panama specimens (Table 3-2, Fig. 3-7B). In Bemis and Geary’s data (1992), only two 
of seven Pacific upwelling area shells show significant negative correlations by isolating 
the dry-seasons. This likely reflects the greater influence of vital effect (e.g., 
incorporation of metabolic CO2) in the δ
13C of bivalve shells compared with that of 
gastropod shells, as indicated by the ~2.5‰ lower mean δ13C of the Bemis and Geary’s 
bivalves compared with the Conus shells used in this study. The “upwelling” signals 
detected in GC97-80B from both baseline and correlation methods results from the 
previously-discussed seasonal shoaling of the thermocline, rather than upwelled deep 
water. 
Freshwater and Upwelling as Sources of Nutrient Delivery  
As discussed above, Caribbean and Gulf of Chiriquí samples show little 
upwelling signal but strong freshwater signal while the Gulf of Panama samples shows 
both strong upwelling signal during the dry season and significant freshwater signal 
during the rainy season. In the former case, the nutrient source primarily comes from 
freshwater input as suggested by a study of the distribution of dissolved inorganic 
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nutrients and plankton in the Caribbean coast of Panama (D’Croz et al., 2005). In their 
study, high nutrient (nitrate, phosphate, and silicate) levels, chlorophyll a, and 
zooplankton biomass all correlate with the rainy season. Significant negative correlations 
between nutrient level and salinity also confirm the contribution of freshwater runoff. In 
the Gulf of Panama, there are two nutrient sources, upwelling and freshwater input. 
According to D’Croz and O’Dea (2007), the nutrient levels in this area are low in the 
rainy season, but high in the dry season, suggesting that the upwelling is the dominant 
contributor to the nutrient delivery. 
Neogene Application of Isotopic Proxies for Upwelling and Freshwater Input  
Application of isotopic proxies for upwelling and freshening to quantifying 
paleoenvironments depends on our ability to accurately define baseline values. These 
values can be determined from (1) invariant molluscan 18O profiles which represent a 
lack of seasonal upwelling or rainfall, and (2) planktonic foraminiferal 18O and Mg/Ca 
data, for the paleo-depths of interest.  Obtaining data from both materials provides a 
check on the determination.  To correct for cross-isthmian temperature and especially 
salinity differences, these baseline data should be collected for samples on the Caribbean 
and Pacific sides of the Isthmus. This application will be the subject of future papers.      
Summary 
The shell δ18O profiles generally follow the pattern of the expected δ18O values 
estimated from temperature and salinity, making possible the determination of shell 
chronologies based on seasonal variations in upwelling and rainfall when present. 
Positive and negative deviations from baseline δ18O values, representing periods of non-
upwelling and normal salinity, are used to identify and quantify upwelling and freshwater 
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input respectively in modern TEP and SWC waters. Shell profiles reveal little 
upwelling in SWC and Gulf of Chiriquí, but strong upwelling in the Gulf of Pacific, 
consistent with observations. Temperatures of upwelled waters that are at least 9°C lower 
than baseline values are observed, suggesting upward movement of nutrient-rich waters 
of more than 60 m.   Isotopic profiles document rainy-season salinities as low as 24 in the 
Gulf of Panama.   Surprisingly, none of the shells in the upwelling region show a 
negative covariance between δ13C and δ18O expected with upwelling. However, four out 
of five specimens show strong negative δ13C–δ18O correlation when the upwelling dry 
season data are isolated, suggesting freshwater input during the non-upwelling seasons 
masks the upwelling signals. Our findings demonstrate that for tropical environments, 
seasonally deviations from baseline 18O values can be used to quantify upwelling and 
freshening and consequently nutrient delivery and productivity.   
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CHAPTER IV 
SEASONAL ENVIRONMENTAL VARIATIONS DURING THE LATE NEOGENE: 
STABLE ISOTOPIC RECORDS IN MOLLUSKS FROM THE CENTRAL 
AMERICAN ISTHMUS 
 
Overview      
The late Neogene marine environment has undergone significant changes due to 
the formation of Central American Isthmus (CAI). The modern contrasts such as 
temperature, salinity, nutrient level, and stable isotope composition between tropical east 
Pacific (TEP) and southwestern Caribbean (SWC) seawaters are not seen prior to the 
final closure of CAI around 3.5 Ma. To quantify the Neogene seasonal marine 
environmental variations, 16 Neogene Conus shells collected from three major Caribbean 
sedimentary basins and the Pacific coast in Panama and Costa Rica were analyzed for 
oxygen and carbon isotopes in this study. Two different approaches, δ18O-δ13C 
correlation and δ18O baseline method, were used to identify and quantify upwelling and 
freshening signals. The records reveal significant upwelling in the late Miocene and mid 
Pliocene TEP waters, significant to moderate freshening in the SWC waters between 2.2–
5.7 Ma, and minimal seasonal upwelling and (or) freshening variations in the Plio-
Pleistocene SWC waters. The reconstructed sea-surface temperatures (SSTs) agree with 
the global cooling trend through late Miocene, but lack evidence for the warming event in 
the middle Pliocene or the late Neogene global cooling trend. 
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Introduction 
The formation of Central American Isthmus (CAI) had a dominant impact on late 
Neogene climate. At present, there are significant differences between tropical east 
Pacific (TEP) and southwestern Caribbean (SWC) waters across the isthmus, which 
include differences in mean annual temperature (MAT), salinity, nutrient concentrations, 
primary productivity, and the stable isotopic composition of the water. The modern 
Caribbean-Pacific contrast of surface water MAT of 2°C and salinity of 1–1.5‰ was 
established by about 4.2 Ma (Keigwin, 1982; Haug et al., 2001), resulting largely from 
(1) strong seasonal upwelling of nutrient-rich waters in the Pacific that reduces 
temperature and increases productivity, and (2) high evaporation in the Caribbean and net 
Caribbean-Pacific vapor flux that increases salinity in the Caribbean and reduces salinity 
in the Pacific (Maier-Reimer et al., 1990; D’Croz et al., 1991; D’Croz and O’Dea, 2007). 
Prior to the isthmian uplift, when the seaway was still open, these contrasts were 
minimal.  
Previous studies have suggested that a broad marine connection was present 
before the middle Miocene (Coates et al., 1992; Collins et al., 1996). Since the middle 
Miocene, the CAI was gradually formed by the growth of volcanic arcs and the collision 
of the Costa Rica-Panama microplate with South America. The CAI reached its first 
complete closure in the middle Pliocene (ca. 3.5–3.1 Ma) and reopened during 3.1–2.8 
Ma owing to high sea level as a negative feedback from enhanced heat transport from 
tropical areas to high latitudes that reduced Antarctic ice. The CAI again closed during 
2.4–2.0 Ma (Cronin et al., 1994).   
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During the period of CAI formation, global climate underwent a long-term 
cooling trend through the late Miocene to early Pliocene and a short interval of global 
warming during the middle Pliocene (Zachos et al., 2001). Studies of ostracode 
assemblages from the west coast of Florida and planktonic foraminifera from the western 
Caribbean Sea and North Atlantic (middle to high latitude) suggest that southwest North 
Atlantic water temperatures increased when the CAI closed (Cronin and Dowsett, 1996).  
However, the tropical sea-surface temperature (SST) changes may differ from the global 
trend that is largely derived from high-latitudes. Recently, there has been a debate 
regarding low-latitude climate change during the late Miocene cooling. A study of 
planktonic foraminiferal δ18O-derived SSTs from 33 late Miocene (7.2–5.6 Ma) Ocean 
Drilling Project (ODP) and Deep Sea Drilling Project (DSDP) sites suggests markedly 
cool low-latitude temperatures, in some cases more than 9°C lower than modern SSTs 
(e.g. DSDP 216 and 709C, Williams et al., 2005). SST estimates from Mg/Ca analyses of 
planktonic foraminifera in the western Caribbean (ODP 999) suggest cool tropical 
temperatures that are about 2°C  lower than modern (Groeneveld, 2005). However, SST 
estimates from alkenone unsaturation analyses from ODP site 958, northeastern Atlantic 
(23.9990°N, 20.0008°W), suggest subtropical SSTs that were warmer by 2–4°C (Herbert 
and Schuffert, 1998). Discrepancies such as these have lead scientists to question the 
accuracy of the δ18O-derived paleotemperatures from calcitic planktonic foraminifers, 
citing the potential influences of  dissolution and diagenesis, vital effect, and changes in 
seawater δ18O (Pearson et al., 2001; Williams et al., 2005).  
 These hypotheses can be tested by measuring additional SST proxies, such as 
δ18O of molluscan (especially gastropods) shells (e.g., Kobashi et al., 2001). In isotopic 
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studies, mollusks provide a strong complement to planktonic foraminifera for 
reconstructing ancient climates in that: 1) their long life span provides records of both 
seasonal and interannual temperature variations which are unavailable from foraminifera; 
2) their aragonitic mineralogy makes it easier to assess chemical preservation; 3) their 
shallow benthic habitat ensures that they do not sink below the carbonate compensation 
depth (CCD) and are thus less likely to be dissolved.  
These advantages have raised interest in using mollusks to complement the use of 
planktonic foraminifera in isotopic studies of paleoclimate (Krantz et al., 1990; Teranes 
et al., 1996;Andreasson and Schmitz, 2000; Kobashi et al., 2001; Latal et al., 2004). 
However, isotope records from the mollusks have their own limitations resulting from 
uncertain global and local salinity variation. Previous studies of modern mollusk shells 
from the CAI have demonstrated the utility of oxygen isotope analyses of serially-
sampled bivalve and gastropod shells as paleothermometers and upwelling indicators 
(Geary et al., 1992; Bemis and Geary, 1996).  Geary et al. (1992) observed that a 
strombid gastropod from the Pacific shelf of Panama showed a large δ18O range (18O), 
indicative of large temperature and salinity variation. In contrast, a Caribbean strombid 
showed a narrow range indicating low variability in temperature and salinity. Bemis and 
Geary (1996) confirmed these findings with venerid bivalves. Pacific and Caribbean 
specimens from upwelling areas showed a large 18O whereas shells from non-upwelling 
areas showed a reduced range.  Our data for modern Conus shells from the CAI parallel 
the results of Geary et al. (1992) and Bemis and Geary (1996), with lower 18O for SWC 
specimens from non-upwelling areas and higher 18O for TEP specimens (Tao et al., in 
prep.). In addition, by comparing oxygen isotopic values to baseline δ18O for “normal” 
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temperatures and salinities, we were able to use δ18O profiles to quantify both 
upwelling and freshening.  These interpretations were confirmed by δ18O-δ13C 
correlations.  
 Only one study has examined the isotopic profiles of Neogene mollusk shells 
from the CAI.  Teranes et al. (1996) analyzed serially-sampled specimens of venerid 
bivalves from the Caribbean (n = 9) and the Pacific (n = 4).  While the data suggest a 
Caribbean-Pacific difference in seasonality since at least 3.5 Ma, changes in Caribbean 
seasonality between late Miocene (n = 2) and the Plio-Pleistocene and modern (n = 8) are 
not clear cut.  Furthermore, no effort is made to distinguish between 18O range reflecting 
upwelling and freshwater impact. This paper reports on data for serially-sampled fossil 
Conus shells to examine changes in mean annual temperature (MAT), mean annual range 
in temperature (MART), upwelling, and freshwater input in the coastal CAI associated 
with the closing of the isthmus and the development of north hemisphere glaciation.  Our 
results show that SWC samples generally show strong upwelling signals prior to 8 Ma 
and moderate to weak freshening signals since 5.7 Ma, while the TEP samples show 
strong upwelling signals in the middle Pliocene (3.5 Ma) as they do today. 
  
Study Area and Samples 
A total of 16 fossil Conus shells collected from three major Neogene Caribbean 
sedimentary basins (Panama Canal Basin, Bocas del Toro Basin, and Limón Basin) and 
the Pacific coast were analyzed. Conus shells were chosen because of their relatively 
large sizes, long life-span, and shallow-dwelling habitat. Of the 16 specimens, six were 
collected in 2009 by Kai Tao and Ethan Grossman at three sites in the Panama Gatun 
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Formation in the Panama Canal Basin (Sabanitas, Gatun lock, and Payardi Refinery), 
and ten were collected in 2006 by Aaron O’Dea and Jill Leonard-Pingel at Neogene 
outcrops in Panamanian and Costa Rican coastal regions (Burica Peninsula, Bocas del 
Toro Basin, and Limón Basin). The sample locations, stratigraphy, and sample 
information are summarized in Figures 4-1 and 4-2 and Table 4-1.  
The Gatun Formation in central Panama, exposed on the north side of Lake Gatun 
and cut by the Panama Canal, is most often considered to be late Miocene in age, 12.0-
8.0 Ma (Coates et al., 1992). The richness of molluscan fauna in the Gatun Formation 
suggests a shallow nearshore environment of approximately 15–40 m water depth 
(Collins et al., 1996). The first site is located in a quarry in Sabanitas (GFS series) in the 
Lower Gatun Formation (12.0–11.0 Ma). It contains about 20 m of dark grey muddy to 
sandy deposits with abundant molluscan shells of varying size and concentration. 
Condensed shell beds, consisting mostly of turritellids and bivalves, are found in the 
upper sections (GFS-2 and GFS-3). Large whole cone shells and large concretions are 
found in-situ only in the upper sections, whereas in the lower section (GFS-1) most 
fossils are fragmented and small. The second site, also in the Lower Gatun Formation, is 
located on the roadside near the gate of Payardi Refinery (GPR). This site features a 5 m 
fossiliferous outcrop with large turritellids and other molluscan shells, and is covered by 
weathered, iron-stained soil. The base of the outcrop is completely weathered with fewer 
fossils. The third site is beside the Panama Canal near the Gatun Lock (GFG series), in 
the upper Gatun Formation (ca. 8 Ma). This site contains grey soft sandstone with 
abundant bivalve and gastropod fragments. Most large shells, for example cone shells,  
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FIGURE 4-2––Stratigraphy for the studied sections based on Coates et al. (1992, 2005). 
 
are weathered, leaving only interior molds. Only small cone shells can be found in their 
original state. Also found at this site are some float coquinas derived from the overlying 
Chagres Formation. 
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TABLE 4-1–– Specimen taxonomy, location, age, paleodepth, and dimensions. 
 
 
The Bocas del Toro Basin can be divided into the southern region containing 
early Miocene to Pliocene deposits, and the northern region with late Plio-Pleistocene 
shallow-water sediments (Coates et al., 2005). The Bocas del Toro Group in the southern 
regions comprises five major late Neogene formations: Tobabe Formation (7.2–5.3 Ma), 
Nancy Point Formation (7.2–5.3 Ma), Shark Hole Point Formation (5.6–3.5 Ma), Cayo 
Agua Formation (5.0–3.5 Ma), and Escudo de Veraguas Formation (3.5–1.8 Ma). 
Samples from the last three formations are used in this study. The Shark Hole Point 
Formation (AT06-22-1A) consists of bioturbated micaceous, clayey siltstone with 
abundant, thin shell beds in the uppermost part (Coates et al, 2005). Benthic foraminifera 
1Jaspidiconus pfluegeri? 
2C. jaspideus? 
3C. austini? 
 4C. Spurius? 
 N/A = Not available 
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indicate a paleobathymetry of 150-200 m (Collins, 1993). The Cayo Agua Formation 
(JL06-15-1) consists of muddy, silty sandstone with abundant mollusks and corals. 
Shallow-water coral and benthic foraminiferal taxa indicate a paleobathymetry of 40–80 
m for these deposits (Collins, 1999). The Escudo de Veraguas Formation (AT06-19-1) 
consists of bioturbated siltstone and claystone, with frequent concretions and scattered 
molluscan shells and corals in the upper part (ca. 1.8 Ma) and densely-packed cemented 
burrow concretions, scattered corals, and abundant mollusks in the lower part (ca. 3.5 
Ma). The paleodepth of this unit is approximately 100–150 m (Collins, 1999). The 
geology of Colon and Bastimentos Islands in the northern region of the Bocas del Toro 
archipelago differ from that of the southern region, which is still being studied. Although 
the formal lithostratigraphic units and ages are not finalized, this sequence is generally 
believed to be younger than that of the southern regions except for the Escudo de 
Veraguas Formation, with the oldest units around 3.5 Ma (Coates et al., 2005). In this 
study, one specimen (JL06-6-1) was collected from Wild Cane Cay in the west side of 
Bastimentos Island. This unit was named Ground Creek (2.2–1.9 Ma, O’Dea et al., 2007), 
and consists of extensive shelly coral-bearing bioclastic carbonate and volcaniclastic 
sandstone and siltstone, with abundant molluscan shells. The coral taxa indicate a depth 
of ~30 m. 
The Neogene stratigraphy of the Limón Basin (Costa Rica) is represented by the 
Limón Group, which comprises the Uscari Formation (8.3–5.6 Ma), Rio Banano 
Formation (3.6–2.8 Ma), Quebrada Chocolate Formation (3.2–3.0 Ma), and Moin 
Formation (1.9–1.5 Ma). In this study two specimens were collected from the upper Rio 
Banano Formation (JL06-29-1A, B), which consists of blue-gray clayey siltstone with 
 
 
69 
 
abundant mollusks and bryozoans. The depositional environment of this formation is 
inner neritic, about 20-40 m deep (Jackson et al., 1999). Another two specimens (JL06-
33-1C, F) were collected in the Upper Lomas del Mar member of the Moin Formation, 
which consists of blue-gray clayey siltstone and calcarenite with small, diverse mollusks, 
corals, and bryozoans. These sediments represent coral reef deposits which are about 50-
100 m deep (Collins, 1999). 
Two specimens (AT06-5-1A, B) were collected on the Burica Peninsula on the 
Pacific side.  The unit sampled, the lower Pliocene Peñita Member of the Charco Azul 
Formation, consists of volcaniclastic sandstone, conglomerate, and cemented concretions 
at the base and a massive green muddy siltstone with abundant gastropods in the upper 
section. The shallow-water benthic foraminiferal fauna suggest an outer-forearc 
environment (Corrigan et al., 1990). 
  
Methods     
Each specimen was cleaned and ultrasonicated to remove all extraneous material 
from shell surfaces. X-ray diffraction analyses were performed to detect diagenesis. Only 
specimens with >99% aragonite were used for isotopic analyses. Using a dental drill with 
a 0.5 mm bur, sample powders were drilled along shallow grooves on growth lines in 
ontogenetic sequence on the spire of the gastropod shells. The sampling interval was 
determined by shell size and growth rate. Previous study of shells from the middle 
Miocene Pinecrest Beds in Florida (Tao and Grossman, 2010) established that good 
seasonal resolution was provided by a 2–5 mm sampling interval. Roughly 0.4–0.5 mg of 
sample powder were collected for stable isotopic and trace elemental analyses (trace 
 
 
70 
 
element data will be reported elsewhere). For isotopic analysis, sample powder was 
acidified with “100%” phosphoric acid at 75ºC. Evolved CO2 gas was analyzed on a 
Thermo Scientific MAT 253 isotope ratio mass spectrometer coupled with Kiel IV 
carbonate device for carbon and oxygen isotope analyses. All results were calibrated to 
VPDB using NBS-19 standards. Precisions for carbon and oxygen isotopes are 0.08‰ 
and 0.10‰, respectively. Stable isotope paleotemperatures were calculated according to 
Grossman and Ku (1986, eq.1).  
 
Results  
Oxygen Isotopes  
 The averages, ranges, and extreme δ18O values from Conus shells tested here 
from the Neogene Panama and Costa Rica coastal areas are summarized in Table 4-2 and 
Figs. 4-3 and 4-4.  Specimens from the two lower Gatun Formation sites (Payardi 
Refinery and Sabanitas, 12–11 Ma) show significantly lower average annual δ18O values 
(-1.0 to -1.3‰) than the specimen from the upper Gatun Formation (Gatun Lock, -0.6‰, 
~8 Ma). Similarly, within the lower Gatun Formation, the average shell δ18O values 
increase slightly from old to young sections. The GPR samples at the top of Lower Gatun 
Formation average -1.0‰, while the GFS samples from 50 m, 52 m, 57 m, and 66 m  
below the top average -1.1, -1.1, -1.2, and -1.3‰, respectively. All the Gatun samples 
show middle-high seasonal δ18O variations (e.g., 18O = 1 to 2‰ to >2‰). Most samples 
show an annual δ18O range of 0.9 to 1.3‰ except GFS-3B, which has a range of 1.8‰. 
The specimen from the latest Miocene Shark Hole Point Formation (AT06-22-
1A) shows a significantly high average δ18O value of 0.1‰, which is 0.7‰ higher than  
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TABLE 4-2–– Sample information and descriptive statistics for stable isotope values 
and 18O-δ13C correlations. 
 
the mean Gatun Lock δ18O value. This sample also shows a very small seasonal variation 
(0.6‰). The high average value and small annual range are consistent with the estimated 
paleodepth of 150–200 m (Collins, 1993).  
The early Pliocene specimen from the Cayo Agua Formation (JL06-15-1) shows 
an annual range similar to that of the Gatun Formation specimens, suggesting no 
significant change in the shallow water seasonality from late Miocene to early Pliocene. 
Although the average δ18O value is similar to that of the Upper Gatun Formation 
specimen, the greater paleodepth of the Cayo Agua Formation specimen (40–80 m vs. 
<50 m) suggests, for this limited sampling, a higher SST in the early Pliocene. The 
middle Pliocene specimen from Escudo de Veraguas Formation (AT06-19-1) shows a 
significant increase in average δ18O (1.4‰) relative to the Cayo Agua sample. This can 
be attributed to its 100–150 m paleodepth. However, the δ18O range of this sample, 1.3‰, 
is identical to those of the shallow water specimens. The reason for this large δ18O range 
is unknown. The profile shows an increasing δ18O trend that, based on average growth  
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FIGURE 4-3––δ18O (red) and δ13C (blue) profiles for Conus specimens. All profiles are 
for the Caribbean side of Panama except the AT06-5-1 specimens from the Pacific side 
(enclosed in box).  
 
 
73 
 
 
FIGURE 4-4––Box and whisker plot of sample δ18O values. 
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rates of Caribbean Conus shells, is unlikely to represent a single summer-winter 
transition. This trend may represent migration and transport from shallower depths or 
environmental change. 
The two middle Pliocene specimens from the Pacific area (AT06-5-1A&B) show 
small but significant differences in average value (-0.8 vs. -0.4‰) and range (2.0 vs. 
1.5‰). Specimen B is much smaller than specimen A and based on the δ18O profile has a 
life span of a little more than one year whereas specimen A has a life span of more than 
six years. The range of specimen B is relatively less than those of modern specimens 
from Gulf of Panama (2.3-3.2‰, Tao et al., in prep.). Thus, it is highly possible that the 
small specimen did not capture the same annual range as the large one and the average 
values were biased. This small specimen has a larger annual range than Caribbean 
specimens of similar age (<1.3‰), suggesting a significant difference in seasonality 
between Caribbean and Pacific waters at 3.5 Ma. 
The two middle Pliocene specimens from the Rio Banano Formation (JL06-29-
1A, B) show slightly lower average δ18O values and similar annual range relative to the 
early Pliocene Cayo Agua specimens, which is insignificant considering the depth 
difference (20–40 m vs. 40–80 m). The three specimens from the Plio-Pleistocene Moin 
and Ground Creek Formations (JL06-33-1C, F; JL06-6-1) average 1.0‰ higher than the 
middle Pliocene shallow-water Caribbean specimens, which is also insignificant due to 
the depth contrast (50–100 m vs. ~30 m). 
Carbon Isotopes 
 Carbon isotopic profiles are more complicated to interpret than oxygen isotopic 
profiles. Seasonal variations are seen in some of the specimens (e.g., JL06-33-1F, GPR-
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A) but are often difficult to identify. Some of the carbon isotope profiles tend to show 
long-term declines rather than seasonal variations (e.g., GFS-3F). The mean δ13C values 
of both SWC and TEP samples mostly fluctuate between 1.1 and 2.7‰, with one 
exception (JL06-15-1, 0.2‰).   
 
Discussion  
Constraining Seawater Isotopic Composition 
 The main factors controlling δ18O values in gastropod shells are seawater 
temperature and δ18O, the latter being primarily dependent on global ice volume on 
timescales of thousands to millions of years (Shackleton and Opdyke, 1973; Zachos et al., 
2001) and local salinity (e.g., freshwater flux) on seasonal timescales (e.g., Bice et al., 
2000). During periods of large ice-sheet volume, global seawater δ18O values are high as 
ice-sheets store large quantities of 16O-enriched water. In the nearshore marine 
environment, the mixing of less saline, 18O-depleted freshwater lowers local seawater 
δ18O. During times of ice-free conditions, such as the Cretaceous and Early Cenozoic, the 
mean seawater δ18O is estimated to be -1.0‰ vs. SMOW (Shackleton and Kennett, 
1975). This estimated value is unsuitable for the Neogene, as there is evidence of 
continental ice-sheet accumulation (Raymo et al., 2011). Lear et al. (2000) has compiled 
a curve of global seawater δ18O composition using Mg/Ca paleotemperatures and benthic 
foraminiferal δ18O data.  However, their seawater estimate is not the best for this study 
because a global estimate is not be applicable to a local area such as the Panama region. 
In this study we estimated the paleo-seawater δ18O values following the method used in 
Lear et al. (2000) but with some modifications: 1) we choose the nearest ODP and DSDP 
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sites (DSDP site 503 and ODP site 1241 for TEP and DSDP site 502 and ODP sites 
999 for SWC; Keigwin, 1982; Groeneveld, 2005; Groeneveld et al., 2008); 2) we use 
planktonic foraminiferal δ18O data and Mg/Ca SSTs instead of benthic data because all 
the samples come from nearshore environments; 3) for the calculation of seawater δ18O 
we use the Hays and Grossman (1991) quadratic approximation of the O’Neil et al. 
(1969) calcite-water fractionation relation: 
T (°C) = 15.7 - 4.36 (δ18Ocl - δ
18Ow) + 0.12 (δ
18Ocl - δ
18Ow)
2                     (1) 
where δ18Ocl and δ
18Ow are the oxygen isotopic compositions of calcite (vs. PDB) and 
water (vs. SMOW), respectively. The calculated seawater δ18O values are summarized in 
Table 4-2, as well as seawater δ18O values from Lear et al. (2000) corrected for latitudinal 
differences based on Zachos et al. (1994). 
Neogene Paleotemperatures 
Late Miocene to Plio-Pleistocene paleotemperatures were reconstructed using the 
oxygen isotope profiles of the Conus shells, the seawater δ18O values derived above, and 
the aragonite δ18O-temperature equation (Grossman and Ku, 1986). To provide 
comparisons with proxy data for sea surface temperatures (SSTs) based on foraminiferal 
18O and Mg/Ca, molluscan δ18O, and alkenone unsaturation, these paleotemperatures 
were corrected for paleo-depth using the modern temperature-depth profiles (WOD 2009; 
Table 4-2, see Appendix for more details). Fig. 4-5 compares the SSTs from this study 
(also seen in Table 4-3) with those from other studies, as well as modern samples. For the 
late Miocene, one shell from Caribbean Shark Hole Point Formation (AT06-22-1A, 5.7–
5.6 Ma) shows a mean annual temperature (MAT) of 31.8 ± 2.2°C, which is 3°C higher 
than the modern Bocas del Toro MAT of 28.6 ± 0.8°C. This paleo-SST agrees with the  
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FIGURE 4-5––A) Neogene and modern δ18O values for planktonic foraminifera 
(Globigerinoides sacculifer) from ODP 999 (Groeneveld, 2005), adjusted for aragonite-
calcite fractionation (+0.8‰), and mollusk δ18O averages; B) reconstructed molluscan 
δ18O-derived SSTs (DSDP 158 and DSDP 502A, Williams et al., 2005), and Mg/Ca-
derived SSTs (ODP 999, Groeneveld, 2005). 
 
alkenone-derived SST from the Canary Basin (Herbert and Schuffert, 1998, corrected for 
latitudinal difference based on Williams et al., 2005), but about 5–8°C higher than the 
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planktonic foraminiferal δ18O-derived paleo-SST of this study compared with 
alkenone-derived SSTs (ODP 958A, Herbert and Schuffert, 1998),  planktonic 
foraminiferal δ18O-derived SSTs from ODP 502 and DSDP 158 (Williams et al., 2005) 
and Mg/Ca-derived SST from ODP 999 (Groeneveld, 2005). The specimen from the 
Early Pliocene Caribbean Cayo Agua Formation (JL06-15-1, 5.0–3.5 Ma) shows a cooler 
MAT of 26.8 ± 2.5°C, which is about 2°C lower than modern, but 2°C higher than the 
Ma/Ca SST from ODP 999. In the mid Pliocene, one shell from Caribbean Escudo de 
Veraguas Formation (3.6–3.5 Ma) shows an MAT of 26.3 ± 2.5°C, two shells from the 
Caribbean Rio Banano Formation (3.2–2.9 Ma) both show a MAT of  26.0 ± 2.0°C,  
which are slightly (1.5–1.8°C) lower than the modern MAT. The TEP paleo-SSTs, 
however, are significantly (3.7–5.4°C) lower than modern ones (22.2–23.9°C vs. 27.6°C ). 
These SSTs are not supportive of the global warming event suggested by Cronin and 
Dowsett (1996). Such no-warmer-than-modern SSTs were also observed in the δ18O of 
gastropod shells from the mid-Pliocene Pinecrest Beds in Florida (Tao and Grossman, 
2010). In the Plio-Pleistocene, one shell from the Caribbean Ground Creek Formation 
(2.2–1.9 Ma) shows an MAT of 24.9 ± 1.8°C, while both shells from Caribbean Moin 
Formation (1.7–1.5 Ma) show identical MATs of 27.1 ± 2.9°C, which is inconsistent with 
a late Pliocene global cooling trend from previous studies(e.g., Raymo, 1994; Lear et al., 
2003). 
Upwelling and Freshwater Input 
 Two stable isotope approaches can be used to identify upwelling and freshwater 
input. First, seasonal upwelling and freshening can be definitively identified from oxygen 
isotope profiles referenced to non-upwelling, non-freshwater baseline δ18O values 
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calculated using “normal” temperatures and salinities (See Appendix for methods). 
Though coastal surface waters in the tropics can have highly variable salinities, upwelled 
water should have relatively invariant salinities representative of normal, open ocean 
seawater because low-density freshwater will be restricted to the shallow mixed layer 
(Mignot et al., 2007). Furthermore, the upwelling season coincides with the dry season 
when salinities are less variable (D’Croz and O’Dea, 2007). Thus, shell δ18O values that 
are significantly higher than the baseline value can only be explained by cooler 
temperatures associated with upwelling events. In contrast, shell δ18O values that are 
significantly lower than the baseline cannot be explained by seasonal warming because, 
outside of upwelling events, tropical SSTs are relatively invariant. For example, 
temperatures at Bocas del Toro on the Caribbean coast of Panama show a consistent 
value of 28.6 ± 0.8°C. Thus, δ18O data below the baseline values represent low salinities 
caused by freshwater input. Once the baseline is determined using open ocean data from 
planktonic foraminifera, we can quantify the magnitude of upwelling from seasonal 
cooling, and the degree of freshening from δ18O-derived salinity. The baseline values and 
sample δ18O values normalized to baseline are summarized in Table 4-3. 
Fig. 4-6 shows a box-and-whisker plot of shell δ18O values normalized to baseline 
values determined for each locality. Based on this method, the mid Pliocene TEP samples 
show strong upwelling signals. Late Miocene-mid Pliocene SWC samples show moderate 
to strong freshening signals while the Plio-Pleistocene samples show little  
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FIGURE 4-6––Box and whisker plot of shell δ18O values normalized to baseline values 
for all Neogene specimens. Gray bars represent analytical error (±1σ) for each sample 
location. δ18O values lower than the baseline values are calibrated to salinity change 
while those higher than the baseline values are calibrated to temperature change. 
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seasonal variations. Normally shallow samples show more freshening signals. 
However, the strongest freshening signals are detected in the specimen AT06-22-1A, 
which has an estimated paleo-depth of 150–200 m. The reconstructed SST from this 
specimen is much higher than the foraminiferal Mg/Ca and δ18O derived SSTs. This 
discrepancy may be caused by the overestimate of paleo-depth (i.e. the specimen may 
have lived at a shallower depth and have migrated downslope before or after death), 
difference in the δ18O-depth profile between the modern and late Miocene, 
overestimation of the baseline δ18O value (due to the lack of data in 5.7–5.6 Ma, the 
TMg/Ca and δ
18Ocl are both estimated from a younger age of ~5.2 Ma), and/or other 
environmental variations.   
The second approach for identifying upwelling and freshwater input is δ13C-δ18O 
correlations. Upwelling of deep water (cold, 18O-enriched, and 13C-depleted) results in a 
negative correlation (Killingley and Berger, 1979; Jones and Allmon, 1995) while 18O- 
and 13C-depleted freshwater input results in a positive δ13C–δ18O correlation in seawater 
and consequently in serially-sampled mollusk shells (e.g., Mook, 1971; Surge et al., 
2003).  Table 4-2 summarizes all the correlation coefficients of this study. Five of six late 
Miocene Gatun Formation shells (12–8.0 Ma) show significant upwelling signals 
(p<0.05); all three late Miocene-mid Pliocene SWC Bocas del Toro shells show 
significant freshening signals; one middle Pliocene TEP sample shows upwelling and the 
other one shows freshening; and three of five Plio-Pleistocene SWC samples show no 
significant correlations.  
 Fig. 4-7 shows the model of δ13C–δ18O (–) correlation versus Conus δ18O range 
(18O) and modern and Neogene isotopic data from Tao et al. (in prep) and this  
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FIGURE 4-7–– δ18O–δ13C correlation vs. δ18O range. A) Model of environments 
representing different data fields,  B) data for modern Conus specimens (Tao et al., in 
prep.), and C) data for Neogene Conus specimens. 
 
study. A minimal upwelling and minimal freshening environment, like that of Golfo de 
los Mosquitos, Panama (Tao et al., in prep.) will yield data with a 18O of < 1‰ and no 
significant - correlation. In some small areas, minor freshening or upwelling may occur 
but without much variation in 18O (< 1‰). Environments characterized by freshwater 
input and minimal  upwelling, such as some modern Bocas del Toro localities, are 
identified by moderate 18O (1–2‰) and a significant positive - correlation.  
Specimens growing in areas with upwelling and minimal freshening will show a 
moderate 18O range (1–2‰) and a significant negative - correlation. Lastly, isotopic 
data for serially-sampled mollusks living in areas with upwelling and freshwater input, 
like the Gulf of Panama, will have a large 18O range (2–3‰) and no significant - 
correlation.   
Most modern SWC specimens fall into the area of minimal upwelling and 
minimal or slight freshening and most TEP specimens fall into the area of strong 
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upwelling and freshening (Fig. 4-7B), both agreeable with logger records. However, 
most Neogene specimens, including both SWC and TEP, fall into the mixed area (Fig. 4-
7C). The Late Miocene Gatun Formation specimens and one of the two TEP specimens 
are closer to the upwelling and minimal freshening area while the SWC specimens and 
the other TEP specimen are closer to the freshening and minimal upwelling area. 
 In most cases the above two approaches agree with each other. Both identify 
minimal upwelling and minimal freshening signals in Plio-Pleistocene SWC specimens 
and strong-moderate freshening signals in late Miocene-mid Pliocene SWC specimens, 
especially AT06-22-1A. However, the apparent freshening signals based on positive δ-δ 
correlations in AT06-5-1B do not replicate in the baseline plot, which shows strong 
upwelling signals instead. Unfortunately, the baseline approach cannot be applied to the 
Gatun Formation specimens due to the lack of paleo-SSTs in 12–8 Ma.   
 The above stable isotopic examinations help to generate a picture of late Neogene 
seasonal patterns. Prior to the final closure of CAI in the late Miocene (12–8.0 Ma), there 
was significant seasonal upwelling in the area that is presently the SWC (Gatun 
Formation), similar to modern Gulf of Panama conditions. In the late Miocene-mid 
Pliocene (5.7–3.5 Ma), due to the gradual closure of CAI and separation of Pacific and 
Caribbean waters, seasonal upwelling declined in the SWC, but due to high precipitation 
during the rainy season, freshwater influx played an important role in the nearshore 
marine environment. At the time of final closure of the CAI (3.5 Ma), both upwelling and 
freshening occurred in the TEP area, similar to modern conditions. After the final closure 
of the CAI, in the late Pliocene to early Pleistocene (3.2–1.5 Ma), no significant 
upwelling or freshwater signals were recorded in the SWC samples. 
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Comparison with Other Studies 
 Teranes et al. (1996) provided isotopic profiles from modern and fossil venerid 
bivalve shells from the SWC and TEP areas.  Their study suggested that: (1) late Miocene 
SWC environmental variability (e.g. seasonal temperature and salinity change), as 
indicated by Δ18O values, was much higher than that of the modern environment; (2) the 
SWC and TEP environmental patterns started to differentiate around 3.5 Ma, as the SWC 
seasonality decreased and the TEP seasonality increased. These environmental changes 
were closely connected to the uplift and final closure of CAI. Results from this study 
confirm the observations of Teranes et al. (1996), but show some differences: (1) the 
gastropod Conus oxygen isotopic ranges (Δ18O) analyzed in this study are generally 
smaller than the bivalve values, which may be caused by species or habitat differences; 
(2) significant positive or negative carbon-oxygen correlations are found in most TEP and 
SWC samples prior to 3.5 Ma in this study, which can be used to identify nutrient 
sources.  
 
Summary 
 This study uses stable isotopes in serially-sampled Conus shells to produce paleo-
SSTs and seasonal environmental records from both sides of the CAI through the late 
Neogene. Stable isotopic records reveal a significant upwelling signal in late Miocene 
SWC and mid Pliocene TEP waters, significant to moderate freshwater signals in the 
SWC waters after 5.7 Ma, and little seasonal variations in the Plio-Pleistocene SWCs. 
The reconstructed Miocene SSTs are higher than the modern SSTs with a decreasing 
trend with time. The middle Pliocene SSTs are slightly lower than modern SSTs, with   
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little variation from late Miocene to middle Pliocene, which is inconsistent with the 
middle Pliocene warm event. The Plio-Pleistocene SSTs are similar to modern. 
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CHAPTER V 
CONCLUSIONS 
Stable isotope and trace element analyses of Conus and Turritella gastropod 
shells reveal that the dominant cause of high productivity off Florida’s west coast 
(Pinecrest Beds) during the middle Pliocene was not upwelling or temperature increase, 
but nutrient input from freshwater sources including surface runoff and (or) submarine 
groundwater discharge. This conclusion is based on (1) the lack of an upwelling signature 
in δ13C and 18O, (2) correlations between P/Ca, Fe/Ca, and U/Ca, and (3) 18O-δ13C 
patterns similar to those of Florida Bay mollusks. Unusually high δ18O values for 
specimens from Pinecrest Unit 4, believed to be a brackish environment based on faunal 
assemblage, indicate evaporative 18O enrichment of brackish seawaters. This 
interpretation is supported by (1) the similar Sr/Ca values for shells from both units, and 
(2) the coincidence of the δ18O-δ13C pattern of the shells and that of mollusks from 
modern Florida Bay. The reconstructed open-ocean paleo-SSTs during the middle 
Pliocene are no higher than modern ones, which is inconsistent with the “global” warm 
event. The subsequent Plio-Pleistocene paleo-SSTs are slightly but significantly (2°C) 
lower than the middle Pliocene ones, which is consistent with the late Neogene cooling 
trend after the final closure of CAI. 
The modern TEP and SWC shell δ18O profiles are agreeable with the expected 
pattern estimated from environmental temperature and salinity data, facilitating the 
determination of shell chronology based on seasonal variations in upwelling and 
freshening events. Positive and negative deviations from baseline δ18O values, 
representing periods of non-upwelling and normal salinity, are used to identify and 
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quantify upwelling and freshwater input respectively in modern TEP and SWC waters. 
Shell profiles reveal little upwelling in SWC and Gulf of Chiriquí, but strong upwelling 
in the Gulf of Pacific, consistent with observations. Temperatures of upwelled waters that 
are at least 9°C lower than baseline values are observed, suggesting upward movement of 
nutrient-rich waters of more than 60 m. Isotopic profiles document rainy-season salinities 
as low as 24 in the Gulf of Panama. Surprisingly, none of the shells in the upwelling 
region show a negative covariance between δ13C and δ18O expected with upwelling. 
However, four out of five specimens show strong negative δ13C– δ18O correlation when 
the upwelling dry season data are isolated, suggesting freshwater input during the non-
upwelling seasons masks the upwelling signals. This finding demonstrates that for 
tropical environments, seasonally deviations from baseline 18O values can be used to 
quantify upwelling and freshening and consequently nutrient delivery and productivity. 
 The Neogene study uses stable isotopes in serially-sampled Conus shells to 
produce paleo-SSTs and seasonal environmental variation from both sides of the CAI. 
Stable isotopic records reveal a significant upwelling signal in late Miocene SWC and 
mid Pliocene TEP waters, significant to moderate freshwater signals in the SWC waters 
after 5.7 Ma, and little seasonal variations in the Plio-Pleistocene SWCs. The 
reconstructed Miocene SSTs are higher than the modern SSTs with a decreasing trend 
with time. The middle Pliocene SSTs are slightly lower than modern SSTs, with little 
variation from late Miocene to middle Pliocene, which is also inconsistent with the 
middle Pliocene warm event. The Plio-Pleistocene SSTs are similar to modern. 
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APPENDIX 1 
STABLE ISOTOPE AND TRACE ELEMENT MEASUREMENTS OF FLORIDA 
PINECREST BEDS AND COLOOSAHATCHEE FORMATION SAMPLES 
Sample 
ID 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
112293 4 2.67 1.62 
    112293 9 2.14 1.17 
    112293 14 2.21 1.20 
    112293 19 2.51 1.16 
    112293 24 2.58 1.07 
    112293 29 2.63 0.91 
    112293 34 2.96 0.71 
    112293 39 2.71 0.62 
    112293 44 3.22 0.26 
    112293 49 2.79 0.09 
    112293 54 2.06 0.06 
    112293 59 2.68 -0.04 
    112293 64 2.78 -0.13 
    112293 69 2.58 -0.30 
    112293 74 2.24 0.02 
    112293 79 2.02 0.01 
    112293 84 2.23 -0.06 
    112293 89 2.56 -0.13 
    112293 94 2.58 0.04 
    112293 99 2.81 -0.07 
    112293 104 2.58 -0.39 
    112293 109 3.07 -0.45 
    112293 114 2.63 -0.60 
    112293 119 2.53 -0.60 
    112293 124 2.48 -0.36 
    112293 129 2.79 -0.16 
    112293 134 2.98 -0.32 
    112293 139 3.12 -0.18 
    112293 144 3.00 -0.04 
    112293 149 2.92 -0.06 
    112293 154 2.24 0.09 
    112293 159 2.40 0.28 
    112293 164 2.86 0.27 
    112293 169 2.76 0.31 
    112293 174 2.57 0.26 
    112293 179 2.41 0.51 
    112293 184 1.91 0.41 
    112293 189 2.12 0.29 
    112293 194 2.49 0.45 
    112293 199 2.75 0.64 
    112293 204 2.80 0.73 
    112293 209 2.40 0.32 
    112293 214 2.70 0.69 
    112293 219 2.76 0.90 
    112293 224 2.71 1.13 
    112293 229 2.66 1.22 
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112293 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
112293 239 2.76 1.40 
    112293 244 2.83 1.49 
    112293 249 2.87 1.71 
    112293 254 2.91 1.81 2.0 157 41 
 112293 259 2.73 1.81 2.3 207 42 
 112293 264 2.84 1.40 2.3 195 57 
 112293 269 2.78 1.14 2.5 154 33 
 112293 274 2.88 0.80 2.6 161 35 
 112293 279 2.94 0.61 2.6 161 35 
 112293 284 2.76 0.48 2.6 141 20 
 112293 289 2.54 0.40 2.6 235 72 
 112293 295 2.62 0.47 2.6 364 108 
 112293 299 2.77 0.31 2.6 137 16 
 112293 304 2.84 0.37 2.8 208 75 
 112293 309 2.47 0.20 2.6 101 7 
 112293 314 2.77 0.06 2.8 129 34 
 112293 319 3.10 -0.08 2.6 135 10 
 112293 324 2.59 -0.07 2.8 125 23 
 112293 329 2.65 -0.22 2.7 132 826 
 112293 334 2.52 -0.22 2.8 165 27 
 112293 339 2.56 -0.33 2.9 401 108 
 112293 344 2.80 -0.41 3.1 1228 196 
 112293 349 2.75 -0.34 3.1 1712 222 
 112293 354 3.01 -0.54 3.1 2342 115 
 112293 359 2.30 -0.38 3.4 1845 229 
 112293 364 2.68 -0.59 3.2 212 82 
 112293 369 2.67 -0.49 3.0 140 30 
 112293 373 2.72 -0.22 3.0 208 59 
 112293 379 2.61 -0.33 3.0 161 56 
 112293 384 2.85 -0.10 2.9 135 35 
 112293 389 2.66 -0.07 2.9 225 45 
 112293 394 2.80 0.20 2.8 156 54 
 112293 399 2.75 0.63 2.4 1274 130 
 112293 404 2.44 1.26 2.3 299 130 
 112293 409 2.53 1.01 3.2 232 129 
 112293 414 2.45 0.20 3.0 295 91 
 112293 419 2.35 -0.32 3.0 159 46 
 112293 424 2.74 -0.12 3.3 144 23 
 112293 429 2.55 -0.14 3.0 137 24 
 112293 434 2.53 0.86 3.0 268 199 
 112293 439 2.52 0.76 3.1 180 55 
 112293 444 2.51 0.23 2.9 351 124 
 112293 449 2.55 0.08 2.3 202 42 
 112293 454 2.13 -0.33 3.2 7819 151 
 112293 459 2.13 -0.21 3.2 576 155 
 112293 464 2.41 -0.51 3.2 390 98 
 112293 469 2.48 -0.68 3.2 217 83 
 112293 474 2.66 -0.43 3.3 1839 142 
 112293 479 2.41 -0.25 2.8 214 45 
 112293 484 2.35 0.20 2.9 181 110 
 112293 489 2.31 -0.61 3.5 282 74 
 112293 494 2.17 -0.34 3.2 165 47 
 112293 499 2.35 0.43 3.3 291 229 
 54437- 1 1.04 -0.42 
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54437- 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
54437- 11 1.23 -0.13 
    54437- 16 1.35 -0.09 
    54437- 21 1.87 0.85 
    54437- 26 1.80 0.88 
    54437- 31 1.75 0.76 
    54437- 36 1.37 0.63 
    54437- 41 1.41 0.68 
    54437- 46 0.98 0.99 
    54437- 51 1.32 0.57 
    54437- 54 1.21 0.72 
    54437- 56 1.40 0.67 
    54437- 61 0.91 0.79 
    54437- 66 0.97 0.55 
    54437- 71 1.27 0.47 
    54437- 76 1.17 0.09 
    54437- 81 0.63 -0.05 
    54437- 86 0.95 0.03 
    54437- 91 1.00 -0.05 2.3 236 34 
 54437- 96 1.15 -0.52 2.1 152 51 
 54437- 101 1.14 -0.38 2.0 222 60 
 54437- 106 1.53 -0.25 2.2 1372 89 
 54437- 111 1.52 -0.38 2.2 202 57 
 54437- 116 1.49 -0.48 2.0 242 45 
 54437- 121 1.77 0.74 1.8 204 47 
 54437- 126 1.91 0.96 1.8 229 51 
 54437- 131 2.56 1.66 1.9 103 4 
 54437- 136 2.48 1.86 1.9 7112 196 
 54437- 141 1.99 1.29 1.9 218 37 
 54437- 146 2.19 1.71 2.1 176 49 
 54437- 151 1.80 0.90 2.1 183 43 
 54437- 156 1.90 0.78 1.8 283 62 
 54437- 161 2.14 0.58 1.9 183 29 
 54437- 166 2.30 0.81 2.0 140 35 
 54437- 176 2.17 0.50 2.1 134 33 
 54437- 181 2.14 0.47 2.0 702 150 
 54437- 186 2.17 0.17 2.1 193 48 
 54437- 191 2.08 0.08 2.3 156 44 
 54437- 196 1.92 -0.17 2.4 148 34 
 54437- 201 1.83 -0.29 2.5 499 53 
 54437- 206 2.10 -0.05 2.5 141 85 
 54437- 211 1.84 -0.33 2.5 148 50 
 54437- 216 1.87 -0.09 2.3 245 52 
 54437- 221 1.94 0.01 2.3 136 31 
 54437- 226 1.76 -0.34 2.1 134 42 
 54437- 231 2.45 1.37 2.1 209 118 
 54437- 236 2.36 0.85 2.1 151 37 
 54437- 241 2.30 0.81 2.2 144 46 
 54437- 246 2.09 0.81 2.3 146 47 
 54437- 251 2.15 0.77 2.4 135 44 
 54437- 256 1.85 0.56 2.4 148 44 
 54437- 261 1.78 0.20 2.2 147 50 
 54437- 266 1.99 -0.08 2.4 262 33 
 54437- 271 1.98 0.03 2.3 148 37 
 54437- 276 2.05 0.18 2.2 142 38 
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54437- 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
54437- 286 2.46 1.24 2.0 158 42 
 54437- 291 2.56 1.20 2.2 209 55 
 54437- 296 2.18 0.76 2.3 406 55 
 54437- 0 1.56 0.27 2.1 539 48 
 54437- 5 2.07 0.43 2.1 214 35 
 54437- 10 1.87 0.35 2.1 179 34 
 54437- 15 1.84 0.25 2.0 155 34 
 54437- 20 1.91 0.73 2.0 129 10 
 54437- 25 2.23 1.46 2.0 178 42 
 54437- 30 2.09 1.34 2.0 197 51 
 54437- 35 2.01 1.62 2.0 199 49 
 54437- 40 1.90 1.19 2.0 184 44 
 54437- 45 1.91 1.07 2.1 194 30 
 54437- 50 2.11 1.18 2.1 185 49 
 54437- 55 2.07 1.09 2.1 190 52 
 54437- 60 1.87 0.73 2.0 325 178 
 54437- 65 1.82 0.60 2.1 46802 536 
 54437- 70 1.42 0.60 1.9 48511 433 
 54437- 75 1.57 0.83 2.0 164 85 
 54437- 80 1.52 0.65 2.0 177 44 
 54437- 85 1.81 0.64 2.2 49565 370 
 54437- 90 2.10 0.44 2.2 1379 242 
 54437- 95 1.75 0.51 2.0 318 83 
 54437- 100 1.27 0.25 2.4 6795 148 
 54437- 105 1.76 0.79 2.1 160 34 
 54437- 110 1.72 0.62 2.1 265 94 
 54437- 115 1.70 0.62 2.2 151 10 
 54437- 120 1.35 0.81 2.3 203 35 
 54437- 125 0.92 0.80 2.3 323 494 
 54437- 130 1.13 0.67 2.1 143 116 
 54437- 135 1.12 0.63 2.2 170 30 
 54437- 140 0.98 0.57 2.2 153 30 
 54437- 145 0.92 0.61 2.2 159 18 
 54437- 150 1.20 0.11 2.3 3765 282 
 54437- 155 1.25 -0.55 2.3 183 43 
 54437- 160 1.32 -0.75 2.4 148 35 
 54437- 165 1.12 -0.66 2.3 149 32 
 54437- 170 1.04 -0.42 2.2 143 32 
 54437- 175 1.08 -0.29 2.3 336 31 
 54437- 180 1.18 -0.07 2.2 237 29 
 54437- 185 1.13 0.08 2.2 163 29 
 54437- 190 1.33 0.51 2.1 165 33 
 54437- 195 1.46 1.20 1.9 154 30 
 54437- 200 1.59 1.36 1.9 139 10 
 54437- 205 1.69 1.54 2.0 140 25 
 54437- 210 1.63 1.54 2.2 128 10 
 54437- 215 1.37 0.80 2.3 134 29 
 54437- 220 1.22 0.68 2.3 127 10 
 54437- 225 1.12 0.67 2.3 134 19 
 54437- 230 0.98 0.43 2.3 143 63 
 54437- 235 0.97 -0.08 2.4 134 9 
 54437- 240 0.98 -0.40 2.4 138 30 
 54437- 245 1.00 -0.48 2.4 140 28 
 54437- 250 1.02 -0.47 2.3 146 29 
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54437- 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
54437- 260 0.85 -0.93 2.6 147 33 
 54437- 265 1.35 -0.18 2.4 143 35 
 54437- 270 1.81 0.88 2.1 175 37 
 54437- 275 1.47 0.44 2.3 145 27 
 39147- 0 -0.31 2.62 
    39147- 3 -0.05 2.82 
    39147- 6 0.46 2.77 
    39147- 9 0.22 3.02 
    39147- 12 -0.43 2.23 
    39147- 15 -0.04 2.70 
    39147- 18 -0.10 2.38 
    39147- 21 -0.59 1.88 
    39147- 24 -0.41 2.63 
    39147- 27 -0.30 2.38 
    39147- 30 -0.01 2.14 
    39147- 33 -0.21 2.12 
    39147- 36 -0.42 2.26 
    39147- 39 -0.52 2.15 
    39147- 42 -0.38 2.54 
    39147- 45 -0.89 2.48 
    39147- 48 -0.67 2.87 
    39147- 51 -0.69 2.96 
    39147- 54 -0.66 2.75 
    39147- 57 -0.50 2.70 
    39147- 60 -0.65 2.12 
    39147- 63 -0.98 2.09 
    39147- 66 -1.01 1.86 
    39147- 69 -0.59 2.17 
    39147- 72 -0.98 1.86 
    39147- 75 -1.36 1.76 
    39147- 78 -1.69 1.50 
    39147- 81 -1.27 1.56 
    39147- 84 -1.47 1.38 
    39147- 87 -1.41 1.67 
    39147- 90 -1.81 1.57 
    39147- 93 -1.28 0.99 
    39147- 96 -1.82 0.51 
    39147- 99 -2.06 0.27 
    39147- 102 -1.75 1.05 
    39147- 105 -2.29 0.66 
    39147- 108 -2.26 0.71 
    39147- 111 -1.96 0.94 
    39147- 114 -1.74 1.06 
    39147- 117 -1.39 1.34 
    39147- 120 -1.52 1.18 
    39147- 123 -1.48 1.19 
    39147- 126 -1.39 1.33 
    39147- 129 -1.15 2.37 
    46317- 0 0.14 2.03 
    46317- 2 -0.04 2.03 
    46317- 4 -0.18 1.69 
    46317- 6 -0.32 2.05 
    46317- 8 -0.25 2.20 
    46317- 10 -0.08 2.25 
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46317- 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
46317- 14 -0.45 2.52 
    46317- 16 -0.42 2.64 
    46317- 18 -0.60 2.53 
    46317- 20 -0.05 2.78 1.8 223 9 
 46317- 22 -0.03 2.65 
    46317- 24 -0.26 2.51 1.8 196 6 
 46317- 26 -0.44 2.28 
    46317- 28 -0.74 2.70 1.7 197 5 
 46317- 30 -0.76 2.56 
    46317- 32 -0.47 2.37 1.8 247 2 
 46317- 34 -0.47 1.86 
    46317- 36 -0.45 2.24 1.8 190 7 
 46317- 38 -0.38 2.19 
    46317- 40 -0.23 1.94 1.7 190 7 
 46317- 42 -0.05 2.03 
    46317- 44 0.35 2.29 1.7 193 2247 
 46317- 46 0.28 2.53 
    46317- 48 0.59 2.23 1.7 196 7 
 46317- 50 0.49 2.09 
    46317- 52 0.48 2.39 1.7 163 3 
 46317- 54 0.29 2.23 
    46317- 56 0.30 2.33 1.9 213 9 
 46317- 58 0.25 2.25 
    46317- 60 0.01 1.88 2.1 190 6 
 46317- 62 -0.15 1.93 
    46317- 64 -0.38 1.80 2.1 200 13 
 46317- 66 -0.54 1.75 
    46317- 68 -0.81 1.98 2.0 190 18 
 46317- 70 -0.88 1.90 
    46317- 72 -0.98 2.08 2.0 195 9 
 46317- 74 -0.71 1.84 
    46317- 76 -0.42 2.14 2.0 215 9 
 46317- 78 -0.47 1.92 
    46317- 80 -0.46 2.10 2.1 255 8 
 46317- 82 -0.25 1.89 
    46317- 84 -0.16 1.58 2.4 207 9 
 46317- 86 -0.58 1.24 
    46317- 88 -0.65 1.22 2.4 204 7 
 46317- 90 -1.55 1.14 
    46317- 92 -1.42 1.34 2.1 159 2 
 46317- 94 -1.00 1.56 
    46317- 96 -0.93 1.84 2.3 184 33493 
 46317- 98 -1.39 1.61 
    46317- 100 -1.39 1.51 2.3 220 543 
 46317- 102 -1.18 1.64 
    46317- 104 -1.38 1.44 2.4 204 12 
 46317- 106 -1.32 1.19 
    46317- 108 -1.50 1.19 2.3 197 30 
 46317- 110 -1.41 1.40 
    46317- 112 -1.60 1.11 2.7 219 22 
 46317- 114 -1.82 0.98 
    46317- 116 -0.78 2.96 2.3 223 19 
 46317- 118 -0.87 2.79 
    46317- 120 -1.15 2.70 2.1 237 8 
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46317- 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
46317- 124 -1.48 1.99 2.1 230 8 
 46317- 126 -1.25 2.30 
    46317- 128 -1.20 2.30 2.0 211 9 
 46317- 130 -1.44 2.51 
    46317- 132 -1.45 2.17 1.9 212 15 
 46317- 134 -1.10 2.31 
    46317- 136 -1.00 2.31 2.0 199 6 
 46317- 138 -1.02 2.03 
    46317- 140 -1.15 2.16 2.1 190 8 
 46317- 142 -1.13 2.05 
    46317- 144 -1.01 2.34 2.3 205 8 
 46317- 146 -1.11 2.18 
    46317- 148 -1.30 1.83 2.1 218 22 
 46317- 150 -1.40 0.99 
    46317- 152 -1.89 0.84 2.8 203 5 
 46317- 156 -1.46 0.89 
    46317- 158 -1.52 0.79 2.7 195 8 
 46317- 160 -1.37 1.10 
    46317- 162 -1.44 0.93 3.0 193 5 
 46317- 0 -1.20 2.07 
    46317- 3 -0.97 1.89 
    46317- 6 -1.89 1.61 
    46317- 9 -1.30 1.37 
    46317- 12 -1.12 0.91 
    46317- 15 -1.40 1.10 
    46317- 18 -1.22 0.87 
    46317- 21 -1.56 0.73 
    46317- 24 -1.35 1.07 
    46317- 27 -1.10 1.12 
    46317- 30 -1.16 1.34 
    46317- 33 -1.61 1.51 
    46317- 36 -1.25 2.02 
    46317- 39 -0.06 2.89 
    46317- 42 0.40 2.81 2.0 217 15 
 46317- 45 -0.98 2.37 1.8 18634 28 
 46317- 48 -1.17 2.27 1.7 224 10 
 46317- 51 -0.90 2.36 1.6 222 6 
 46317- 54 -1.08 2.38 1.6 207 7 
 46317- 57 -1.47 2.21 1.7 204 6 
 46317- 60 -1.28 1.95 1.6 192 6 
 46317- 63 -0.96 2.16 1.6 190 7 
 46317- 66 -1.06 2.09 1.5 303 6 
 46317- 69 -0.92 1.83 1.5 206 5 
 46317- 72 -0.89 1.50 1.6 198 5 
 46317- 75 -1.28 1.49 1.8 201 4 
 46317- 78 -0.83 0.91 1.8 190 6 
 46317- 81 -0.59 0.65 2.0 198 5 
 46317- 84 -0.70 0.67 2.0 183 11 
 46317- 87 -0.71 0.43 2.2 186 11 
 46317- 90 -0.89 0.09 2.4 186 5 
 46317- 93 -0.58 0.52 2.6 176 4 
 46317- 96 -0.42 0.94 2.6 165 6 
 46317- 99 -1.30 1.23 2.3 209 6 
 46317- 102 -0.98 1.55 2.3 191 6 
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46317- 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
46317- 108 -1.32 2.84 1.8 1518 6 
 46317- 111 -0.95 2.91 1.7 209 8 
 46317- 114 -0.95 2.62 1.6 197 6 
 46317- 117 -1.07 2.69 1.5 213 6 
 46317- 120 -0.67 2.66 1.6 205 6 
 46317- 123 -0.73 2.94 1.7 213 5 
 46317- 126 -1.78 3.24 1.7 195 5 
 46317- 129 -1.40 2.53 1.7 198 4 
 46317- 132 -1.81 1.91 1.8 186 4 
 46317- 135 -1.92 1.65 2.0 182 5 
 46317- 138 -1.46 0.80 2.2 175 7 
 46317- 141 -1.63 0.76 2.6 170 13 
 46317- 144 -1.54 0.85 2.6 185 12 
 46317- 147 -1.77 1.39 2.5 176 6 
 46317- 150 -1.86 1.38 2.5 189 
  46317- 153 -1.56 2.27 2.4 193 
  PTF-1A 0.0 1.44 1.77 
    PTF-1A 0.8 
  
1.8 
  
533 
PTF-1A 1.5 1.52 1.58 
    PTF-1A 2.3 
  
1.8 
  
635 
PTF-1A 3.0 1.39 1.60 
    PTF-1A 3.8 
  
1.8 
  
522 
PTF-1A 4.5 1.46 1.51 
    PTF-1A 5.5 1.51 1.48 
    PTF-1A 6.3 
  
1.4 
  
989 
PTF-1A 7.0 1.40 1.75 
    PTF-1A 8.2 1.31 1.63 
    PTF-1A 9.2 1.63 1.71 
    PTF-1A 9.9 
  
1.8 
  
749 
PTF-1A 10.6 2.00 2.59 
    PTF-1A 11.6 
  
1.6 
  
811 
PTF-1A 12.5 1.81 2.05 
    PTF-1A 13.3 
  
1.6 
  
636 
PTF-1A 14.1 1.93 2.07 
    PTF-1A 15.0 
  
1.5 
  
824 
PTF-1A 15.9 1.93 2.23 
    PTF-1A 16.6 
  
1.7 
  
615 
PTF-1A 17.3 1.39 2.02 
    PTF-1A 18.0 
  
1.6 
  
486 
PTF-1A 18.6 1.54 1.47 
    PTF-1A 19.4 
  
1.6 
  
683 
PTF-1A 20.1 1.53 1.80 
    PTF-1A 21.1 
  
1.7 
  
813 
PTF-1A 22.0 1.64 1.93 
    PTF-1A 23.0 
  
1.7 
  
644 
PTF-1A 23.9 1.49 1.80 
    PTF-1A 23.9 1.56 1.84 
    PTF-1A 24.8 
  
1.7 
  
828 
PTF-1A 25.7 1.26 1.49 
    PTF-1A 25.7 1.67 2.00 
    PTF-1A 26.6 
  
2.1 
  
838 
PTF-1A 27.4 1.49 1.74 
    PTF-1A 27.4 1.53 1.82 
    PTF-1A 28.6 
  
1.6 
  
877 
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PTF-1A 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
PTF-1A 29.7 1.33 1.68 
    PTF-1A 30.7 
  
1.7 
  
943 
PTF-1A 31.7 1.24 1.37 
    PTF-1A 32.6 
  
2.0 
  
869 
PTF-1A 33.4 1.07 1.64 
    PTF-1A 33.4 1.17 1.50 
    PTF-1A 34.4 
  
2.0 
  
638 
PTF-1A 35.4 1.23 1.80 
    PTF-1A 35.4 1.26 1.58 
    PTF-1A 36.5 
  
1.8 
  
873 
PTF-1A 37.6 1.41 1.62 
    PTF-1A 37.6 1.30 1.31 
    PTF-1A 38.8 
  
1.9 
  
932 
PTF-1A 40 1.54 1.23 
    PTF-1A 40 1.45 1.26 
    PTF-1A 42.3 1.73 1.51 
    PTF-1A 42.3 1.45 1.45 
    PTF-1A 44.1 1.67 1.60 
    PTF-1A 45.8 1.31 1.67 
    PTF-1A 45.8 1.12 1.10 
    PTF-1A 47.5 1.29 1.33 
    PTF-1A 48.5 
  
2.3 
  
710 
PTF-1A 49.5 1.60 1.56 
    PTF-1A 49.5 1.20 1.20 
    PTF-1A 50.5 
  
2.2 
  
941 
PTF-1A 51.5 1.25 1.21 
    PTF-1A 52.8 
  
2.1 
  
728 
PTF-1A 54 1.33 1.54 
    PTF-1A 55.0 
  
1.9 
  
1456 
PTF-1A 55.9 1.46 2.12 
    PTF-1A 55.9 1.63 2.28 
    PTF-1A 57.1 
  
1.6 
  
939 
PTF-1A 58.3 1.67 2.71 
    PTF-1A 58.3 1.68 2.76 
    PTF-1A 59.4 
  
1.7 
  
561 
PTF-1A 60.4 1.78 2.70 
    PTF-1A 60.4 1.67 2.57 
    PTF-1A 62.6 1.17 1.50 
    PTF-1A 62.6 1.38 1.81 
    PTF-1A 63.6 
  
1.6 
  
786 
PTF-1A 64.5 1.08 1.98 
    PTF-1A 65.6 
  
1.6 
  
730 
PTF-1A 66.7 1.10 1.82 
    PTF-1A 66.7 0.99 1.86 
    PTF-1A 67.7 
  
1.7 
  
772 
PTF-1A 68.6 0.65 1.26 
    PTF-1A 68.6 0.71 1.79 
    PTF-1A 69.4 
  
2.0 
  
755 
PTF-1A 70.1 0.90 1.31 
    PTF-1A 71.9 1.24 1.17 
    PTF-1A 71.9 1.13 1.19 
    PTF-1A 72.7 
  
2.2 
  
772 
PTF-1A 73.5 1.48 1.42 
    PTF-1A 73.5 1.36 1.34 
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PTF-1A 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
PTF-1A 75.4 1.17 1.24 
    PTF-1A 75.4 1.19 1.42 
    PTF-1A 76.1 
  
2.4 
  
598 
PTF-1A 76.8 1.16 1.24 
    PTF-1A 77.5 
  
2.3 
  
874 
PTF-1A 78.2 1.13 1.33 
    PTF-1A 78.2 1.21 1.76 
    PTF-1A 79.1 
  
2.1 
  
840 
PTF-1A 79.9 1.20 1.49 
    PTF-1A 80.6 
  
2.0 
  
814 
PTF-1A 81.3 1.00 1.26 
    PTF-1A 81.3 1.08 1.47 
    PTF-1A 82.2 
  
2.1 
  
878 
PTF-1A 83.1 1.00 1.30 
    PTF-1A 83.1 1.10 1.33 
    PTF-1A 83.9 
  
2.0 
  
1140 
PTF-1A 84.6 1.12 1.13 
    PTF-1A 84.6 1.17 1.47 
    PTF-1A 85.5 
  
2.0 
  
1113 
PTF-1A 86.4 0.85 0.68 
    PTF-1A 86.4 1.09 1.05 
    PTF-1A 87.3 
  
2.0 
  
1068 
PTF-1A 88.2 0.92 1.11 
    PTF-1A 89.1 
  
2.0 
  
998 
PTF-1A 89.9 1.11 1.41 
    PTF-1A 89.9 1.07 1.67 
    PTF-1A 90.7 
  
2.0 
  
1035 
PTF-1A 91.4 1.20 1.55 
    PTF-1A 92.2 
  
1.7 
  
838 
PTF-1A 92.9 1.19 2.51 
    PTF-1A 92.9 1.27 2.52 
    PTF-1A 93.5 
  
1.7 
  
636 
PTF-1A 94.1 1.16 2.55 
    PTF-1A 94.1 1.17 2.66 
    PTF-1A 95.2 
  
1.9 
  
392 
PTF-1A 96.3 0.48 1.75 
    PTF-1A 96.3 0.51 1.77 
    PTF-1A 96.9 
  
2.2 
  
309 
PTF-1A 97.5 0.36 1.59 
    PTF-1A 97.5 0.63 1.86 
    PTF-1B 0 1.79 -0.42 
    PTF-1B 1.3 1.82 -0.34 
    PTF-1B 2.3 
  
2.2 
  
192 
PTF-1B 3.1 1.94 -0.28 
    PTF-1B 5.3 1.86 -0.35 
    PTF-1B 6.9 1.75 -0.49 
    PTF-1B 8.8 2.04 -0.38 
    PTF-1B 11.1 1.90 -0.46 
    PTF-1B 12.1 
  
2.3 
  
37 
PTF-1B 13.2 1.90 -0.49 
    PTF-1B 15.1 2.03 -0.43 
    PTF-1B 17.5 2.15 -0.52 
    PTF-1B 19.7 2.07 -0.42 
    PTF-1B 21.1 
  
2.1 
  
160 
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PTF-1B 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
PTF-1B 24.2 2.02 -0.43 
    PTF-1B 25.7 2.03 -0.34 
    PTF-1B 26.4 
  
2.2 
  
468 
PTF-1B 27.4 1.99 -0.26 
    PTF-1B 29 2.08 -0.57 
    PTF-1B 30.7 1.99 -0.51 
    PTF-1B 31.8 
  
2.1 
  
167 
PTF-1B 32.8 1.90 -0.35 
    PTF-1B 34.9 2.21 -0.46 
    PTF-1B 37 2.03 -0.47 
    PTF-1B 38.1 
  
2.2 
  
48 
PTF-1B 39.1 2.10 -0.55 
    PTF-1B 41.2 2.04 -0.50 
    PTF-1B 43 2.14 -0.38 
    PTF-1B 44.1 
  
2.2 
  
162 
PTF-1B 44.9 2.18 -0.44 
    PTF-1B 47.4 2.18 -0.50 
    PTF-1B 49.9 2.27 -0.39 
    PTF-1B 51.2 
  
2.3 
  
51 
PTF-1B 52.2 2.28 -0.39 
    PTF-1B 54.6 2.19 -0.36 
    PTF-1B 57.5 2.10 -0.52 
    PTF-1B 59.3 
  
2.3 
  
138 
PTF-1B 60.5 2.14 -0.40 
    PTF-1B 63 2.13 -0.39 
    PTF-1B 65.3 1.95 -0.40 
    PTF-1B 65.6 
  
2.3 
  
273 
PTF-1B 67.8 2.10 -0.28 
    PTF-1B 70.3 1.85 -0.30 
    PTF-1B 71.8 
  
2.4 
  
144 
PTF-1B 72.8 1.73 -0.48 
    PTF-1B 75.3 1.65 -0.73 
    PTF-1B 77.9 1.77 -0.37 
    PTF-1B 79.9 
  
2.4 
  
153 
PTF-1B 80.9 1.61 -0.62 
    PTF-1B 83.9 1.78 -0.46 
    PTF-1B 86.8 1.86 -0.52 
    PTF-1B 88.8 
  
2.3 
  
270 
PTF-1B 90.1 2.30 -0.21 
    PTF-1B 92.6 2.29 -0.16 
    PTF-1B 95.2 2.18 -0.16 
    PTF-1B 96.9 
  
2.5 
  
141 
PTF-1B 97.8 2.23 -0.11 
    PTF-1B 100.7 2.07 0.11 
    PTF-1B 103.3 2.21 0.12 
    PTF-1B 103.6 
  
2.5 
  
192 
PTF-1B 105.9 2.21 -0.09 
    PTF-1B 108.5 2.16 0.03 
    PTF-1B 108.8 
  
2.5 
  
135 
PTF-1B 111.1 2.12 0.17 
    PTF-1B 113.7 2.29 0.57 
    PTF-1B 114.1 
  
2.4 
  
75 
PTF-1B 116.5 2.52 1.01 
    PTF-1B 118.9 2.10 0.49 
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PTF-1B 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
PTF-1B 121.9 1.89 -0.08 
    PTF-1B 124.4 2.24 -0.43 
    PTF-1B 126.5 
  
2.5 
  
72 
PTF-1B 127.8 2.29 0.00 
    PTF-1B 130.3 2.17 -0.72 
    PTF-1B 132.5 2.17 -0.78 
    PTF-1B 134.3 
  
2.4 
  
169 
PTF-1B 135.4 2.04 -0.92 
    PTF-1B 138.1 2.16 -0.72 
    PTF-1B 141.1 2.16 -1.23 
    PTF-1B 142.3 
  
2.4 
  
289 
PTF-1B 143.1 2.02 -1.01 
    PTF-1B 145.7 1.89 -0.87 
    PTF-1B 147.9 1.85 -1.03 
    PTF-1B 148.1 
  
2.2 
  
286 
PTF-1B 150.2 1.86 -0.92 
    PTF-1B 0 1.87 -0.52 
    PTF-1B 2 2.00 -0.55 
    PTF-1B 3 
  
2.5 
 
128 370 
PTF-1B 5 2.25 -0.62 
    PTF-1B 7 2.30 -0.66 
    PTF-1B 9 2.07 -0.57 
    PTF-1B 11 2.27 -0.58 
    PTF-1B 13 2.11 -0.40 
    PTF-1B 13 
  
2.5 
 
31 248 
PTF-1B 15 2.18 -0.38 
    PTF-1B 17 2.12 -0.39 
    PTF-1B 19 2.16 -0.34 
    PTF-1B 21 2.12 -0.48 
    PTF-1B 23 1.86 -0.34 
    PTF-1B 23 
  
2.5 
 
58 254 
PTF-1B 25 2.11 -0.46 
    PTF-1B 27 2.14 -0.35 
    PTF-1B 29 2.21 -0.28 
    PTF-1B 31 2.10 -0.43 
    PTF-1B 33 2.10 -0.36 
    PTF-1B 33 
  
2.3 
 
2 257 
PTF-1B 35 2.38 -0.46 
    PTF-1B 37 2.27 -0.50 
    PTF-1B 39 2.22 -0.34 
    PTF-1B 41 2.21 -0.37 
    PTF-1B 43 2.20 -0.28 
    PTF-1B 43 
  
2.3 
 
-1 156 
PTF-1B 45 2.24 -0.46 
    PTF-1B 47 2.22 -0.27 
    PTF-1B 49 2.08 -0.26 
    PTF-1B 51 2.17 -0.20 
    PTF-1B 53 2.19 -0.23 
    PTF-1B 53 
  
2.5 
 
0 204 
PTF-1B 55 2.21 -0.13 
    PTF-1B 57 2.02 -0.23 
    PTF-1B 59 1.95 -0.26 
    PTF-1B 61 1.95 -0.30 
    PTF-1B 63 1.69 -0.31 
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PTF-1B 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
PTF-1B 65 1.78 -0.37 
    PTF-1B 67 1.88 -0.21 
    PTF-1B 69 1.79 -0.22 
    PTF-1B 71 1.54 -0.36 
    PTF-1B 73 2.17 -0.27 
    PTF-1B 72 
  
2.4 
 
17 218 
PTF-1B 74 2.05 -0.33 
    PTF-1B 76 2.03 -0.27 
    PTF-1B 78 2.14 -0.11 
    PTF-1B 80 1.95 -0.35 
    PTF-1B 80 
  
2.2 
 
3 130 
PTF-1B 82 2.29 0.04 
    PTF-1B 84 2.38 0.22 
    PTF-1B 86 2.38 0.64 
    PTF-1B 88 2.27 0.62 
    PTF-1B 88 
  
2.4 
 
0 145 
PTF-1B 90 2.17 0.58 
    PTF-1B 92 1.94 0.37 
    PTF-1B 94 2.20 0.67 
    PTF-1B 95 
  
2.3 
 
1 147 
PTF-1B 97 2.20 0.66 
    PTF-1B 99 2.20 0.90 
    PTF-1B 101 2.25 1.06 
    PTF-1B 101 
  
2.5 
 
14 152 
PTF-1B 103 1.95 0.67 
    PTF-1B 105 2.20 1.59 
    PTF-1B 107 2.18 1.55 
    PTF-1B 106 
  
2.4 
 
2 113 
PTF-1B 108 2.00 2.01 
    PTF-1B 110 1.66 1.86 
    PTF-1B 110 
  
2.4 
 
4 111 
PTF-1B 112 1.66 0.02 
    PTF-1B 114 1.91 -0.03 
    PTF-1B 115 
  
2.5 
 
9 137 
PTF-1B 117 1.89 0.14 
    PTF-1B 119 1.87 -0.19 
    PTF-1B 121 1.77 -0.21 
    PTF-1B 120 
  
2.6 
 
4 121 
PTF-1B 122 1.92 -0.25 
    PTF-1B 124 1.83 -0.23 
    PTF-1B 126 1.75 -0.10 
    PTF-1B 128 1.98 -0.18 
    PTF-1B 130 1.76 -0.36 
    PTF-1B 132 2.04 -0.26 
    PTF-1B 134 1.81 -0.39 
    PTF-1B 136 1.56 -0.33 
    PTF-1B 138 1.83 -0.19 
    PTF-2B 0 1.85 -0.58 
    PTF-2B 1.2 2.01 -0.60 
    PTF-2B 2.3 2.14 -0.56 
    PTF-2B 5.2 2.01 -0.39 
    PTF-2B 6.3 2.27 0.15 
    PTF-2B 7.8 2.10 0.49 
    PTF-2B 8.9 2.24 0.97 
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PTF-2B 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
PTF-2B 11.8 2.49 1.54 
    PTF-2B 14.6 2.24 1.01 
    PTF-2B 15.8 2.36 0.99 
    PTF-2B 17 2.30 0.94 
    PTF-2B 18.5 2.07 0.92 
    PTF-2B 19.5 1.91 0.62 
    PTF-2B 20.6 2.11 0.58 
    PTF-2B 21.7 2.05 0.49 
    PTF-2B 22.9 2.02 0.53 
    PTF-2B 24 1.89 0.49 
    PTF-2B 25.1 1.84 0.48 
    PTF-2B 26.4 1.99 0.56 
    PTF-2B 27.7 1.87 0.57 
    PTF-2B 28.6 1.86 0.54 
    PTF-2B 29.6 1.86 0.48 
    PTF-2B 31.5 1.64 0.54 
    PTF-2B 32.5 1.88 0.47 
    PTF-2B 34 1.96 0.38 
    PTF-2B 35 1.94 0.52 
    PTF-2B 36.4 1.89 0.34 
    PTF-2B 37.8 1.85 0.30 
    PTF-2B 39.6 1.91 0.40 
    PTF-2B 41 1.91 0.28 
    PTF-2B 42.7 1.85 0.25 
    PTF-2B 44.4 1.83 0.30 
    PTF-2B 45.6 1.90 0.27 
    PTF-2B 47 1.88 0.14 
    PTF-2B 48.5 1.93 0.18 
    PTF-2B 50.1 1.98 0.20 
    PTF-2B 52.3 2.03 0.01 
    PTF-2B 53.5 2.19 0.21 
    PTF-2B 55 2.11 0.06 
    PTF-2B 56.5 2.00 -0.02 
    PTF-2B 58 1.94 0.13 
    PTF-2B 59.7 1.79 0.05 
    PTF-2B 61.9 1.60 -0.01 
    PTF-2B 63.2 1.53 0.11 
    PTF-2B 65.3 1.56 -0.07 
    PTF-2B 67.1 1.61 -0.10 
    PTF-2B 68.9 1.60 -0.15 
    PTF-2B 70.3 1.46 -0.22 
    PTF-2B 71.7 1.33 -0.17 
    PTF-2B 73.4 1.65 -0.32 
    PTF-2B 75.5 1.70 -0.22 
    PTF-2B 76.7 1.64 -0.05 
    PTF-2B 78.7 1.55 -0.13 
    PTF-2B 80.6 1.63 -0.11 
    PTF-2B 82.5 1.52 -0.12 
    PTF-2B 83.9 1.65 -0.27 
    PTF-2B 85.9 1.58 -0.26 
    PTF-2B 87.6 1.64 -0.08 
    PTF-2B 89.1 1.50 -0.21 
    PTF-2B 90.6 1.62 -0.30 
    PTF-2B 92.4 2.05 -0.08 
    
 
 
120 
 
PTF-2B 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
PTF-2B 96.7 2.44 -0.01 
    PTF-2B 98.4 2.63 -0.08 
    PTF-2B 99.9 2.53 0.01 
    PTF-2F 0 0.37 -1.02 
    PTF-2F 3 1.89 -1.02 
    PTF-2F 7 2.12 -1.69 
    PTF-2F 9 1.90 -1.44 
    PTF-2F 13 2.20 -1.03 
    PTF-2F 17 2.38 -1.13 
    PTF-2F 20 2.37 -0.92 
    PTF-2F 24 2.02 -0.72 
    PTF-2F 28 2.24 -0.58 
    PTF-2F 31 2.45 -0.49 
    PTF-2F 35 2.28 -0.09 
    PTF-2F 39 2.44 0.24 
    PTF-2F 43 2.89 0.93 
    PTF-2F 47 2.57 0.69 
    PTF-2F 52 2.59 0.63 
    PTF-2F 55 2.26 0.13 
    PTF-2F 59 2.59 0.73 
    PTF-2F 62 2.51 1.10 
    PTF-2F 66 2.53 0.62 
    PTF-2F 70 2.70 0.63 
    PTF-2F 74 2.16 0.51 
    PTF-2F 78 2.50 0.26 
    PTF-2F 82 2.30 -0.03 
    PTF-2F 85 2.40 0.20 
    PTF-2F 89 2.51 -0.02 
    PTF-2F 92 2.12 0.01 
    PTF-2F 96 1.95 -0.31 
    PTF-2F 99 1.38 -0.28 
    PTF-2F 103 1.69 -0.20 
    PTF-2F 106 1.53 -0.71 
    PTF-2F 110 1.41 -0.76 
    PTF-2F 113 1.65 -0.76 
    PTF-2F 116 1.51 -0.99 
    PTF-2F 120 1.48 -0.86 
    PTF-2F 123 2.28 -0.82 
    PTF-2F 127 1.91 -1.00 
    PTF-2F 130 1.32 -1.01 
    PTF-2F 134 1.18 -1.14 
    PTF-2F 138 1.19 -0.98 
    PTF-2F 141 1.41 -1.20 
    PTF-2F 144 1.38 -0.94 
    PTF-2F 148 1.35 -0.93 
    PTF-2F 152 1.32 -1.22 
    PTF-2F 155 1.22 -1.02 
    PTF-2F 159 1.39 -1.20 
    PTF-2F 163 1.86 -1.17 
    PTF-2F 166 1.65 -0.94 
    PTF-2F 170 1.67 -1.03 
    PTF-2F 174 2.02 -0.89 
    PTF-2F 177 1.55 -0.93 
    PTF-2F 180 1.58 -1.27 
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PTF-2F 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
PTF-2F 186 1.29 -0.92 
    PTF-2F 190 1.69 -0.79 
    PTF-2F 194 1.41 -0.67 
    PTF-2F 198 1.59 -0.01 
    PTF-2F 201 1.22 0.03 
    PTF-2F 204 0.95 -0.16 
    PTF-2F 207 0.80 0.51 
    PTF-2F 210 1.30 0.18 
    PTF-2F 214 1.25 -0.71 
    PTF-2F 217 1.30 -1.22 
    PTF-2F 221 1.31 -1.34 
    PTF-2F 224 1.13 -1.20 
    PTF-2F 228 1.00 -1.34 
    PTF-2F 232 1.08 -1.33 
    PTF-2F 236 1.02 -1.11 
    PTF-2F 240 1.24 -1.05 
    PTF-2F 243 1.06 -1.10 
    PTF-2F 247 1.17 -1.12 
    PTF-2F 250 0.82 -0.46 
    PTF-2F 254 0.71 0.05 
    PTF-2F 257 1.01 1.11 
    PTF-2F 261 1.47 -1.05 
    PTF-2F 264 1.36 -0.98 
    PTF-2I 0 2.65 -0.26 
    PTF-2I 1.2 2.57 -0.37 
    PTF-2I 2.9 2.39 -0.50 
    PTF-2I 4.3 2.41 -0.61 
    PTF-2I 5.9 2.34 -0.79 
    PTF-2I 7.2 2.51 -0.86 
    PTF-2I 8.4 2.49 -0.82 
    PTF-2I 10.1 2.11 -1.09 
    PTF-2I 11.5 2.27 -1.12 
    PTF-2I 12.9 1.76 -1.15 
    PTF-2I 14.8 1.54 -1.02 
    PTF-2I 16.7 1.53 -0.93 
    PTF-2I 19.5 1.40 -0.94 
    PTF-2I 21.7 1.91 -1.05 
    PTF-2I 23.9 1.83 -1.13 
    PTF-2I 26.1 2.05 -1.11 
    PTF-2I 28 2.03 -0.88 
    PTF-2I 29.9 2.12 -0.56 
    PTF-2I 31.9 1.93 -0.28 
    PTF-2I 33.9 1.73 -0.18 
    PTF-2I 35.9 2.37 -0.47 
    PTF-2I 38.4 2.65 -0.41 
    PTF-2I 40.7 2.64 -0.59 
    PTF-2I 43.3 2.49 -0.69 
    PTF-2I 45.4 2.55 -0.42 
    PTF-2I 47.8 2.50 -0.33 
    PTF-2I 50.3 2.14 -0.24 
    PTF-2I 52.3 1.54 0.28 
    PTF-2I 55 1.56 0.21 
    PTF-2I 57.2 1.61 -0.11 
    PTF-2I 59.3 1.78 0.23 
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PTF-2I 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
PTF-2I 63.7 2.31 0.62 
    PTF-2I 65.9 2.41 0.96 
    PTF-2I 68.2 2.33 0.98 
    PTF-2I 70.5 2.12 1.11 
    PTF-2I 73.5 2.20 0.74 
    PTF-2I 76 2.48 0.47 
    PTF-2I 78.3 1.88 -0.57 
    PTF-2I 80.1 2.15 -0.80 
    PTF-2I 82.4 2.05 -0.83 
    PTF-2I 84.5 1.91 -0.93 
    PTF-2I 86.8 1.09 -1.65 
    PTF-2I 89.7 1.41 -0.98 
    PTF-2I 92 1.47 -1.04 
    PTF-2I 94.3 1.37 -0.67 
    PTF-2I 96.4 1.38 -1.70 
    PTF-2I 98.5 1.48 -1.10 
    PTF-2I 101.4 1.41 -0.97 
    PTF-2I 104.1 1.44 -1.05 
    PTF-2I 106.5 1.52 -1.20 
    PTF-2I 109.5 1.36 -1.80 
    PTF-2I 112.8 1.85 -0.89 
    PTF-2I 116.1 1.67 -1.02 
    PTF-2I 119.3 1.87 -0.95 
    PTF-2I 121.6 1.81 -1.14 
    PTF-2I 124.2 1.66 -0.63 
    PTF-2I 126.8 1.45 -0.58 
    PTF-2I 128.9 1.62 -0.25 
    PTF-2I 131.4 1.65 0.16 
    PTF-3A -1.0 
  
2.0 
 
218 16331 
PTF-3A 0 2.15 -0.72 
    PTF-3A 0.6 
  
1.9 
 
312 15368 
PTF-3A 1.2 2.22 -0.50 
    PTF-3A 2.4 
  
2.1 
 
356 10696 
PTF-3A 3.5 1.78 -0.88 
    PTF-3A 4.5 
  
2.2 
 
202 7600 
PTF-3A 5.4 1.82 -0.85 
    PTF-3A 6.1 
  
2.3 
 
261 6686 
PTF-3A 6.8 1.80 -0.85 
    PTF-3A 7.8 
  
1.9 
 
298 6835 
PTF-3A 8.8 1.76 -0.86 
    PTF-3A 9.6 
  
1.8 
 
197 7777 
PTF-3A 10.3 1.62 -1.03 
    PTF-3A 11.5 
  
1.5 
 
187 13644 
PTF-3A 12.6 2.18 0.80 
    PTF-3A 13.6 
  
1.5 
 
226 13260 
PTF-3A 14.5 2.61 0.55 
    PTF-3A 15.6 
  
1.9 
 
203 13082 
PTF-3A 16.7 2.73 0.36 
    PTF-3A 17.7 
  
1.9 
 
216 15108 
PTF-3A 18.6 2.28 -0.05 
    PTF-3A 20.1 2.19 -0.26 
    PTF-3A 22.2 2.29 -0.45 
    PTF-3A 24.7 2.21 -0.38 
    PTF-3A 27 2.42 -0.37 
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PTF-3A 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
PTF-3A 29.9 2.71 -0.50 
    PTF-3A 31.0 
  
2.2 
  
7744 
PTF-3A 32.1 2.21 -0.64 
    PTF-3A 32.9 
  
2.2 
  
7262 
PTF-3A 33.7 2.42 -0.67 
    PTF-3A 35.3 
  
2.2 
  
8413 
PTF-3A 36.9 2.16 -0.66 
    PTF-3A 37.9 
  
2.2 
  
11177 
PTF-3A 38.8 2.16 -0.61 
    PTF-3A 39.8 
  
2.2 
  
14112 
PTF-3A 40.8 1.91 -0.77 
    PTF-3A 41.9 
  
2.0 
  
13480 
PTF-3A 42.9 2.23 -0.65 
    PTF-3A 43.8 
  
2.0 
  
11283 
PTF-3A 44.7 2.18 -0.45 
    PTF-3A 46.5 2.32 -0.28 
    PTF-3A 47.6 
  
1.8 
 
55 11394 
PTF-3A 48.7 2.58 -0.23 
    PTF-3A 49.5 
  
1.8 
 
69 11522 
PTF-3A 50.3 2.51 -0.25 
    PTF-3A 51.5 
  
1.6 
 
87 12906 
PTF-3A 52.7 2.30 -0.18 
    PTF-3A 53.5 
  
1.6 
 
188 14396 
PTF-3A 54.2 2.55 0.25 
    PTF-3A 55.4 
  
1.7 
 
137 10751 
PTF-3A 56.6 2.47 0.73 
    PTF-3A 57.9 
  
1.6 
  
8060 
PTF-3A 59.1 2.18 0.43 
    PTF-3A 59.9 
  
1.7 
  
7662 
PTF-3A 60.6 1.89 0.37 
    PTF-3A 62.0 
  
1.8 
  
6498 
PTF-3A 63.3 2.39 -0.07 
    PTF-3A 64.6 
  
1.9 
  
4630 
PTF-3A 65.8 2.49 -0.24 
    PTF-3A 67.0 
  
2.0 
  
7998 
PTF-3A 68.1 2.42 -0.30 
    PTF-3A 69.3 
  
2.0 
  
7386 
PTF-3A 70.4 2.37 -0.34 
    PTF-3A 71.5 
  
2.0 
  
10460 
PTF-3A 72.5 2.30 -0.51 
    PTF-3A 73.8 
  
2.1 
  
13025 
PTF-3A 75.1 2.48 -0.59 
    PTF-3A 76.4 
  
2.2 
  
10432 
PTF-3A 77.7 1.70 -0.59 
    PTF-3A 78.7 
  
2.2 
  
13025 
PTF-3A 79.7 1.48 -0.24 
    PTF-3A 80.6 
  
2.2 
 
125 12299 
PTF-3A 81.5 1.58 -0.40 
    PTF-3A 82.6 
  
2.0 
 
35 9053 
PTF-3A 83.7 1.73 -0.49 
    PTF-3A 84.9 
  
2.0 
 
82 11699 
PTF-3A 86.1 1.64 -0.38 
    PTF-3A 87.3 
  
1.8 
 
36 10037 
PTF-3A 88.5 1.56 -0.30 
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PTF-3A 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
PTF-3A 91.1 1.69 -0.06 
    PTF-3A 92.1 
  
1.7 
 
117 12611 
PTF-3A 93.1 1.69 -0.08 
    PTF-3A 94.3 
  
2.0 
 
32 9866 
PTF-3A 95.5 2.17 0.29 
    61689 0 2.51 0.35 
    61689 4 2.51 0.54 
    61689 8 2.31 0.46 
    61689 15 2.09 0.55 
    61689 20 2.26 0.84 
    61689 24 2.33 0.63 
    61689 28 1.44 0.00 
    61689 32 1.39 -0.13 
    61689 37 2.13 0.06 
    61689 41 2.15 0.04 
    61689 47 2.11 0.69 
    61689 52 2.23 1.29 
    61689 57 1.86 0.31 
    61689 63 2.35 -0.98 
    61689 69 2.19 -0.96 
    61689 75 2.57 -1.06 
    61689 81 1.86 -0.63 
    61689 86 1.61 -0.46 
    61689 91 2.04 0.05 
    61689 96 2.20 0.28 
    61689 101 1.88 0.73 
    61689 107 2.02 0.90 
    61689 113 2.29 1.59 1.9 287 90 
 61689 119 1.89 0.93 1.9 265 18 
 61689 124 2.23 0.20 1.8 269 17 
 61689 129 2.47 0.05 1.9 235 178 
 61689 134 1.92 0.83 1.8 247 95 
 61689 139 2.19 0.25 1.8 267 50 
 61689 145 1.81 0.67 1.8 227 24 
 61689 150 1.82 -0.48 2.1 401 14 
 61689 155 2.20 -0.60 2.1 270 17 
 61689 160 2.07 -0.68 2.0 249 16 
 61689 165 1.75 -0.90 2.0 245 16 
 61689 171 1.68 -0.45 2.0 192 3 
 61689 176 1.76 -0.05 2.1 310 15 
 61689 181 1.84 0.46 2.0 287 9 
 61689 186 1.79 0.66 1.8 288 11 
 61689 191 1.88 0.85 1.8 274 13 
 61689 196 1.92 0.92 1.9 239 4 
 61689 202 1.98 0.99 1.8 263 16 
 61689 207 2.25 0.38 2.0 177 2 
 61689 212 2.13 -0.03 1.9 115 2 
 61689 217 2.56 0.17 2.0 241 14 
 61689 222 2.58 0.12 1.9 227 19 
 61689 228 2.50 -0.09 2.1 229 13 
 61689 233 2.13 -0.85 2.2 238 19 
 61689 238 2.10 -0.83 2.1 242 12 
 61689 243   2.1 247 11 
 61689 248 1.83 -0.58 2.1 251 13 
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61689 
Length 
from 
apex 
(mm) 

13
C 
(‰)

(‰)
Sr/Ca 
(mmol/ 
mol) 
P/Ca 
(umol/
mol) 
Fe/Ca 
(umol/
mol) 
U/Ca 
(umol/
mol) 
61689 259 1.82 0.46 1.9 336 204 
 61689 264 1.92 1.12 1.9 328 19 
 61689 269 2.27 0.02 2.0 511 38 
 61689 274 2.12 0.10 2.0 272 192 
 61689 279 2.18 0.07 1.9 250 8 
 61689 284 2.08 -0.26 2.0 265 15 
 61689 290 2.01 -0.76 2.3 254 50 
 61689 295 1.96 -0.10 2.2 247 17 
 61689 300 1.79 -0.17 2.0 257 10 
 61689 305 1.80 0.78 1.9 266 16 
 61689 310 2.15 0.49 2.0 246 17 
 61689 315 2.28 -0.07 2.1 289 15 
 61689 320 2.45 -0.06 2.1 209 4 
 61689 325 2.26 0.56 2.0 266 19 
 61689 330 1.58 -0.76 2.1 251 22 
 61689 336 2.17 -1.02 2.1 235 22 
 61689 341 1.44 -1.04 2.0 167 5 
 61689 346 1.40 -0.44 1.8 270 22 
 61689 351 1.57 -0.05 
    61689 356 1.66 0.78 1.6 287 24 
 61689 361 1.34 0.89 1.8 2381 39 
 61689 367 1.48 0.43 2.0 315 37 
 61689 373 1.35 0.12 2.0 4302 87 
 61689 378 1.43 -0.46 2.1 219 9 
 61689 383 1.54 -0.91 2.2 245 38 
 61689 388 1.13 -0.28 2.0 293 18 
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APPENDIX 2 
STABLE ISOTOPE ANALYSES OF MODERN AND FOSSIL PANAMA SAMPLES 
Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
TA06-294A 74.0  2.10 -1.01 
TA06-294A 72.0  1.87 -0.97 
TA06-294A 70.0  1.70 -0.82 
TA06-294A 68.0  2.22 -0.81 
TA06-294A 66.0  2.56 -0.78 
TA06-294A 64.0  2.26 -0.64 
TA06-294A 62.0  2.05 -0.72 
TA06-294A 60.0  2.10 -0.80 
TA06-294A 58.0  1.68 -0.73 
TA06-294A 56.0  2.09 -0.72 
TA06-294A 54.0  2.38 -0.78 
TA06-294A 52.0  2.63 -0.62 
TA06-294A 50.0  2.55 -0.62 
TA06-294A 48.0  2.64 -0.89 
TA06-294A 46.0  2.66 -0.67 
TA06-294A 44.0  2.53 -0.50 
TA06-294A 42.0  2.48 -0.80 
TA06-294A 40.0  2.56 -1.23 
TA06-294A 38.0  2.59 -1.02 
TA06-294A 36.0  2.56 -1.06 
TA06-294A 34.0  2.67 -1.02 
TA06-294A 32.0  2.49 -1.14 
TA06-294A 30.0  2.62 -1.03 
TA06-294A 28.0  2.41 -1.12 
TA06-294A 26.0  2.44 -1.08 
TA06-294A 24.0  2.28 -1.30 
TA06-294A 22.0  2.46 -0.87 
TA06-294A 20.0  2.44 -1.00 
TA06-294A 18.0  2.30 -0.95 
TA06-294A 16.0  2.41 -1.19 
TA06-294A 14.0  2.38 -0.95 
TA06-294A 12.0  2.42 -1.09 
TA06-294A 10.0  2.25 -1.33 
TA06-294A 8.0  2.36 -1.16 
TA06-294A 6.0  2.22 -1.08 
TA06-294A 4.0  2.07 -1.08 
TA06-294A 2.0  1.95 -0.94 
TA06-294A 0.0  2.23 -0.80 
    TA06-294B 22.5  1.46 -0.58 
TA06-294B 21.0  1.68 -0.58 
TA06-294B 19.5  1.67 -0.49 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
TA06-294B 18.0  1.74 -0.65 
TA06-294B 16.5  1.76 -0.51 
TA06-294B 15.0  1.74 -0.59 
TA06-294B 13.5  1.85 -0.47 
TA06-294B 12.0  1.90 -0.52 
TA06-294B 10.5  1.92 -0.57 
TA06-294B 9.0  1.96 -0.47 
TA06-294B 7.5  1.75 -0.62 
TA06-294B 6.0  1.96 -0.66 
TA06-294B 4.5  1.83 -0.60 
TA06-294B 3.0  1.72 -0.90 
TA06-294B 1.5  1.77 -0.78 
TA06-294B 0.0  1.70 -0.86 
    SB95-1 55.5  1.97 -2.49 
SB95-1 54.0  1.78 -2.11 
SB95-1 52.5  1.99 -1.74 
SB95-1 51.0  1.97 -1.68 
SB95-1 49.5  1.28 -1.85 
SB95-1 48.0  1.35 -1.61 
SB95-1 46.5  1.58 -1.00 
SB95-1 45.0  1.35 -1.12 
SB95-1 43.5  1.38 -1.08 
SB95-1 42.0  1.62 -0.86 
SB95-1 40.5  1.66 -1.25 
SB95-1 39.0  1.55 -1.46 
SB95-1 37.5  1.61 -1.63 
SB95-1 36.0  1.75 -1.46 
SB95-1 34.5  1.63 -1.82 
SB95-1 33.0  1.91 -1.55 
SB95-1 31.5  1.88 -1.88 
SB95-1 30.0  1.87 -1.81 
SB95-1 28.5  1.96 -1.65 
SB95-1 27.0  1.91 -1.85 
SB95-1 25.5  1.95 -1.41 
SB95-1 24.0  2.01 -1.46 
SB95-1 22.5  1.82 -1.70 
SB95-1 21.0  1.86 -1.98 
SB95-1 19.5  1.71 -1.92 
SB95-1 18.0  1.77 -1.89 
SB95-1 16.5  2.07 -1.47 
SB95-1 15.0  1.92 -1.56 
SB95-1 13.5  2.22 -1.51 
SB95-1 12.0  2.03 -1.50 
SB95-1 10.5  2.13 -1.27 
SB95-1 9.0  2.17 -1.22 
SB95-1 7.5  2.23 -1.28 
SB95-1 6.0  2.20 -1.36 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
SB95-1 4.5  2.28 -1.03 
SB95-1 3.0  1.90 -1.65 
SB95-1 1.5  1.99 -1.35 
SB95-1 0.0  1.87 -1.81 
    TA04-10A 51.0  0.76 -1.10 
TA04-10A 49.5  0.82 -0.70 
TA04-10A 48.0  1.10 -0.65 
TA04-10A 46.5  1.11 -0.91 
TA04-10A 45.0  0.79 -0.87 
TA04-10A 43.5  1.13 -1.05 
TA04-10A 42.0  0.73 -0.97 
TA04-10A 40.5  1.15 -0.85 
TA04-10A 39.0  1.25 -0.71 
TA04-10A 37.5  1.16 -0.89 
TA04-10A 36.0  1.22 -0.83 
TA04-10A 34.5  1.31 -0.97 
TA04-10A 33.0  1.58 -0.81 
TA04-10A 31.5  1.35 -0.82 
TA04-10A 30.0  1.25 -0.79 
TA04-10A 28.5  1.37 -0.85 
TA04-10A 27.0  1.12 -0.90 
TA04-10A 25.5  0.80 -0.66 
TA04-10A 24.0  1.24 -0.70 
TA04-10A 22.5  1.44 -0.62 
TA04-10A 21.0  1.25 -0.79 
TA04-10A 19.5  1.03 -0.52 
TA04-10A 18.0  1.21 -0.85 
TA04-10A 16.5  1.20 -0.55 
TA04-10A 15.0  1.50 -0.71 
TA04-10A 13.5  1.53 -0.64 
TA04-10A 12.0  1.53 -0.66 
TA04-10A 10.5  1.46 -0.93 
TA04-10A 9.0  1.51 -0.78 
TA04-10A 7.5  1.43 -0.88 
TA04-10A 6.0  1.54 -0.74 
TA04-10A 4.5  1.57 -0.79 
TA04-10A 3.0  1.72 -1.12 
TA04-10A 1.5  1.57 -1.37 
TA04-10A 0.0  1.46 -0.83 
    TA04-10B 52.0  1.50 -1.22 
TA04-10B 50.0  1.31 -0.99 
TA04-10B 48.0  1.35 -0.99 
TA04-10B 46.0  1.36 -1.17 
TA04-10B 44.0  1.70 -1.03 
TA04-10B 42.0  1.15 -1.07 
TA04-10B 40.0  1.16 -0.99 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
TA04-10B 38.0  1.44 -1.07 
TA04-10B 36.0  1.48 -0.75 
TA04-10B 34.0  1.15 -0.92 
TA04-10B 32.0  1.04 -0.95 
TA04-10B 30.0  1.01 -0.67 
TA04-10B 28.0  1.68 -0.49 
TA04-10B 26.0  1.78 -0.59 
TA04-10B 24.0  1.65 -0.50 
TA04-10B 22.0  1.66 -0.56 
TA04-10B 20.0  1.74 -0.62 
TA04-10B 18.0  1.88 -0.62 
TA04-10B 16.0  1.76 -1.05 
TA04-10B 14.0  1.80 -0.68 
TA04-10B 12.0  1.91 -0.85 
TA04-10B 10.0  1.76 -1.11 
TA04-10B 8.0  1.67 -0.98 
TA04-10B 6.0  1.43 -1.06 
TA04-10B 4.0  1.75 -0.84 
TA04-10B 2.0  1.79 -1.02 
TA04-10B 0.0  1.60 -1.24 
    TA04-10C 50.0  0.14 -1.22 
TA04-10C 48.0  0.49 -1.09 
TA04-10C 46.0  1.08 -0.95 
TA04-10C 44.0  1.08 -0.98 
TA04-10C 42.0  1.22 -1.41 
TA04-10C 40.0  0.95 -1.43 
TA04-10C 38.0  0.55 -1.38 
TA04-10C 36.0  1.03 -1.27 
TA04-10C 34.0  1.01 -1.47 
TA04-10C 32.0  1.22 -1.35 
TA04-10C 30.0  1.13 -1.33 
TA04-10C 28.0  1.16 -1.52 
TA04-10C 26.0  0.83 -1.95 
TA04-10C 24.0  0.89 -1.39 
TA04-10C 22.0  0.99 -1.56 
TA04-10C 20.0  0.88 -1.30 
TA04-10C 18.0  1.04 -1.22 
TA04-10C 16.0  0.93 -1.06 
TA04-10C 14.0  0.94 -1.06 
TA04-10C 12.0  0.67 -1.08 
TA04-10C 10.0  0.48 -0.91 
TA04-10C 8.0  0.83 -1.34 
TA04-10C 6.0  0.91 -1.20 
TA04-10C 4.0  0.80 -1.42 
TA04-10C 2.0  0.82 -1.26 
TA04-10C 0.0  0.91 -1.31 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
GP97-17A 160.9  1.39 -1.61 
GP97-17A 157.9  1.51 -1.47 
GP97-17A 155.0  1.19 -2.20 
GP97-17A 152.1  1.17 -2.12 
GP97-17A 149.2  0.97 -2.33 
GP97-17A 146.3  1.24 -1.83 
GP97-17A 143.4  1.33 -1.66 
GP97-17A 140.5  1.49 -1.21 
GP97-17A 137.6  1.76 -0.29 
GP97-17A 134.8  1.80 -0.62 
GP97-17A 132.3  1.98 -0.49 
GP97-17A 129.3  1.69 -0.43 
GP97-17A 126.8  1.95 -0.56 
GP97-17A 124.1  1.95 -1.98 
GP97-17A 121.6  1.92 -2.64 
GP97-17A 118.9  1.95 -2.13 
GP97-17A 116.2  2.01 -2.66 
GP97-17A 113.4  2.03 -2.11 
GP97-17A 111.0  2.06 -2.03 
GP97-17A 108.5  2.14 -2.34 
GP97-17A 106.1  1.98 -2.53 
GP97-17A 103.1  1.91 -2.87 
GP97-17A 100.1  2.04 -2.41 
GP97-17A 97.7  2.04 -2.73 
GP97-17A 94.9  2.07 -2.70 
GP97-17A 92.4  2.21 -3.51 
GP97-17A 89.9  2.17 -2.77 
GP97-17A 87.4  2.18 -2.64 
GP97-17A 84.9  1.48 -2.77 
GP97-17A 82.4  1.99 -2.69 
GP97-17A 79.6  2.15 -2.74 
GP97-17A 77.3  2.30 -2.72 
GP97-17A 74.7  2.49 -2.43 
GP97-17A 72.1  2.26 -3.02 
GP97-17A 69.8  2.14 -2.91 
GP97-17A 67.2  2.39 -2.79 
GP97-17A 64.9  2.52 -2.69 
GP97-17A 62.3  2.53 -2.76 
GP97-17A 60.0  2.46 -2.41 
GP97-17A 57.7  2.06 -3.19 
GP97-17A 55.3  2.58 -2.50 
GP97-17A 53.2  2.56 -2.54 
GP97-17A 50.6  2.63 -1.98 
GP97-17A 48.3  2.50 -2.21 
GP97-17A 46.0  2.42 -2.13 
GP97-17A 43.7  2.77 -2.02 
GP97-17A 41.4  2.72 -1.71 
GP97-17A 39.1  2.63 -2.04 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
GP97-17A 36.8  2.48 -2.37 
GP97-17A 34.5  2.71 -2.31 
GP97-17A 32.2  2.64 -2.17 
GP97-17A 29.9  2.59 -2.06 
GP97-17A 27.6  2.51 -2.06 
GP97-17A 25.3  2.45 -2.24 
GP97-17A 23.0  2.52 -2.31 
GP97-17A 20.7  2.29 -2.53 
GP97-17A 18.4  2.50 -2.41 
GP97-17A 16.1  2.61 -2.02 
GP97-17A 13.8  2.62 -1.94 
GP97-17A 11.5  2.54 -1.74 
GP97-17A 9.2  2.37 -1.46 
GP97-17A 6.9  2.39 -1.38 
GP97-17A 4.6  2.40 -1.24 
GP97-17A 2.3  2.34 -0.81 
    GP97-17B 71.5  0.72 -1.45 
GP97-17B 70.0  0.73 -1.35 
GP97-17B 68.5  0.96 -1.58 
GP97-17B 66.7  0.94 -1.96 
GP97-17B 65.2  1.25 -1.79 
GP97-17B 63.6  0.91 -1.74 
GP97-17B 62.1  0.97 -1.19 
GP97-17B 60.4  0.66 -1.30 
GP97-17B 58.5  0.79 -1.46 
GP97-17B 57.0  0.84 -1.21 
GP97-17B 55.2  0.81 -1.20 
GP97-17B 53.8  0.79 -1.66 
GP97-17B 52.4  0.70 -2.21 
GP97-17B 51.1  0.31 -2.18 
GP97-17B 49.3  0.56 -1.71 
GP97-17B 47.3  0.81 -1.54 
GP97-17B 45.6  1.01 -1.44 
GP97-17B 43.9  0.92 -1.58 
GP97-17B 42.3  0.98 -1.23 
GP97-17B 40.9  0.76 -1.99 
GP97-17B 39.4  0.38 -2.38 
GP97-17B 38.0  0.54 -2.13 
GP97-17B 36.5  0.85 -1.82 
GP97-17B 35.0  0.97 -1.53 
GP97-17B 33.1  0.76 -1.35 
GP97-17B 31.5  0.94 -1.11 
GP97-17B 30.0  1.17 -1.22 
GP97-17B 28.4  0.90 -1.56 
GP97-17B 26.8  0.61 -1.64 
GP97-17B 25.4  0.67 -1.74 
GP97-17B 23.9  0.65 -2.16 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
GP97-17B 21.8  0.84 -2.17 
GP97-17B 19.7  0.60 -2.50 
GP97-17B 17.6  0.43 -2.90 
GP97-17B 15.5  0.75 -2.99 
GP97-17B 13.4  0.61 -3.27 
GP97-17B 11.8  0.82 -2.67 
GP97-17B 10.2  0.68 -3.36 
GP97-17B 8.5  0.53 -3.30 
GP97-17B 6.8  0.65 -3.40 
GP97-17B 5.1  1.29 -2.83 
GP97-17B 3.4  0.84 -2.65 
GP97-17B 1.7  0.98 -2.55 
GP97-17B 0.0  0.94 -2.22 
    GC97-80A 121.9  2.44 -0.01 
GC97-80A 119.8  2.48 0.08 
GC97-80A 117.0  2.29 -0.53 
GC97-80A 114.5  2.60 0.51 
GC97-80A 112.5  2.48 0.41 
GC97-80A 109.8  2.42 0.29 
GC97-80A 107.4  2.44 0.19 
GC97-80A 104.9  2.39 0.28 
GC97-80A 102.0  2.48 -0.04 
GC97-80A 99.6  2.36 0.37 
GC97-80A 96.9  2.34 0.21 
GC97-80A 94.5  2.19 -0.04 
GC97-80A 91.9  2.11 -0.07 
GC97-80A 89.4  2.31 0.07 
GC97-80A 87.0  2.20 0.08 
GC97-80A 84.2  2.19 0.43 
GC97-80A 81.4  2.07 0.40 
GC97-80A 78.4  2.08 0.41 
GC97-80A 76.1  2.03 0.31 
GC97-80A 73.5  2.08 0.23 
GC97-80A 70.6  2.03 0.17 
GC97-80A 68.0  1.99 -0.11 
GC97-80A 65.7  1.88 0.14 
GC97-80A 62.6  1.81 -0.36 
GC97-80A 60.1  1.93 -0.06 
GC97-80A 57.4  1.87 -0.22 
GC97-80A 54.7  1.87 0.60 
GC97-80A 51.9  1.84 0.51 
GC97-80A 48.9  1.81 0.61 
GC97-80A 46.5  1.90 0.13 
GC97-80A 43.6  1.75 0.19 
GC97-80A 40.7  1.83 -0.11 
GC97-80A 37.8  1.79 -0.06 
GC97-80A 35.0  1.64 -0.17 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
GC97-80A 32.5  1.64 -0.09 
GC97-80A 30.6  1.77 -0.26 
GC97-80A 27.9  1.58 -0.02 
GC97-80A 25.1  1.40 0.19 
GC97-80A 22.4  1.31 0.24 
GC97-80A 19.6  1.30 0.49 
GC97-80A 17.0  1.38 0.56 
GC97-80A 14.4  1.25 0.75 
GC97-80A 11.8  1.22 0.79 
GC97-80A 9.1  1.44 0.45 
GC97-80A 6.9  1.62 0.44 
GC97-80A 4.6  1.61 0.52 
GC97-80A 2.3  1.86 0.74 
GC97-80A 0.0  1.82 0.48 
    GC97-80B 67.7  1.04 0.33 
GC97-80B 65.8  0.99 0.31 
GC97-80B 63.2  0.95 0.11 
GC97-80B 61.1  1.16 0.71 
GC97-80B 58.3  1.18 0.81 
GC97-80B 55.8  1.65 0.60 
GC97-80B 53.7  1.74 0.50 
GC97-80B 51.7  1.84 0.11 
GC97-80B 49.3  1.92 0.12 
GC97-80B 47.3  1.97 0.23 
GC97-80B 45.0  2.03 -0.02 
GC97-80B 42.4  1.94 0.24 
GC97-80B 39.8  2.04 -0.05 
GC97-80B 36.8  1.97 0.24 
GC97-80B 34.6  2.21 0.15 
GC97-80B 32.5  2.08 -0.01 
GC97-80B 29.9  2.15 -0.21 
GC97-80B 27.1  1.88 -0.02 
GC97-80B 25.0  1.95 0.07 
GC97-80B 22.5  1.99 0.35 
GC97-80B 20.0  1.87 -0.12 
GC97-80B 17.6  2.06 0.33 
GC97-80B 15.5  2.00 0.40 
GC97-80B 13.3  2.00 0.43 
GC97-80B 11.1  1.85 0.69 
GC97-80B 8.9  1.31 0.88 
GC97-80B 6.5  1.26 1.06 
GC97-80B 4.1  1.32 1.14 
GC97-80B 2.2  1.48 1.10 
GC97-80B 0.0  1.76 0.66 
    310474 140.2  1.58 -0.78 
310474 137.8  1.50 -2.44 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
310474 135.3  1.48 -3.17 
310474 133.0  1.24 -2.67 
310474 131.0  1.41 -3.18 
310474 128.4  0.95 -3.39 
310474 125.9  1.50 -2.86 
310474 123.5  1.71 -2.56 
310474 120.8  1.56 -2.79 
310474 117.9  1.56 -2.78 
310474 115.7  1.56 -2.86 
310474 113.6  1.73 -2.59 
310474 111.3  1.76 -2.60 
310474 109.1  1.85 -2.37 
310474 106.9  2.15 -1.85 
310474 104.4  2.18 -1.89 
310474 102.4  2.06 -1.35 
310474 99.6  2.15 -1.30 
310474 97.7  2.08 -1.28 
310474 95.0  2.05 -0.63 
310474 92.9  1.88 -1.21 
310474 90.1  1.96 -1.21 
310474 87.9  2.07 -1.36 
310474 86.8  2.07 -2.04 
310474 85.7  2.06 -2.39 
310474 83.5  1.85 -2.37 
310474 81.0  2.09 -2.90 
310474 78.6  2.09 -2.67 
310474 76.2  2.03 -2.72 
310474 73.0  1.97 -2.82 
310474 70.4  1.84 -2.76 
310474 67.8  1.80 -3.06 
310474 65.5  2.00 -3.08 
310474 62.6  2.07 -2.99 
310474 60.4  2.15 -3.04 
310474 57.5  1.99 -3.05 
310474 54.7  1.90 -2.94 
310474 52.5  1.81 -2.96 
310474 50.2  1.91 -3.13 
310474 47.2  2.10 -2.86 
310474 45.1  2.17 -3.03 
310474 42.1  1.89 -2.95 
310474 39.2  2.05 -2.86 
310474 36.6  2.02 -2.87 
310474 33.8  1.90 -2.91 
310474 31.3  1.76 -2.70 
310474 28.7  2.29 -2.64 
310474 25.6  2.11 -2.63 
310474 23.4  2.35 -2.29 
310474 20.5  2.47 -2.31 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
310474 18.3  2.12 -2.47 
310474 15.3  2.43 -2.27 
310474 12.4  2.33 -1.73 
310474 9.6  2.43 -1.61 
310474 7.0  2.45 -1.56 
310474 4.4  2.39 -1.49 
310474 2.0  2.36 -1.14 
310474 0.0  2.35 -1.26 
    301490A 123.0  2.09 0.18 
301490A 120.6  2.14 -0.80 
301490A 118.7  2.17 -0.94 
301490A 116.7  2.17 -0.87 
301490A 114.8  2.46 -1.32 
301490A 112.9  2.17 0.17 
301490A 110.7  1.98 -1.47 
301490A 108.7  2.06 -1.77 
301490A 107.4  2.21 -2.38 
301490A 104.4  2.00 -0.86 
301490A 102.1  2.04 0.02 
301490A 99.7  2.01 -0.57 
301490A 97.3  1.39 -2.03 
301490A 95.3  1.42 -1.90 
301490A 93.1  1.49 -1.20 
301490A 89.8  1.74 -0.08 
301490A 86.9  1.77 -0.94 
301490A 84.7  1.62 -0.79 
301490A 81.8  1.41 -2.24 
301490A 78.9  1.60 -2.19 
301490A 76.9  1.86 -1.91 
301490A 74.6  1.78 -1.50 
301490A 72.7  1.68 -1.32 
301490A 70.3  1.65 -1.32 
301490A 68.0  1.78 -0.40 
301490A 65.8  1.81 0.01 
301490A 62.8  2.02 -1.19 
301490A 60.4  1.75 -1.28 
301490A 57.7  1.75 -1.94 
301490A 55.0  1.59 -2.38 
301490A 52.4  1.73 -2.31 
301490A 50.0  1.90 -2.27 
301490A 47.5  1.93 -2.21 
301490A 45.0  2.26 -2.35 
301490A 42.5  2.19 -2.15 
301490A 40.0  2.30 -2.03 
301490A 37.2  2.17 -1.76 
301490A 35.0  2.26 -1.14 
301490A 32.9  2.15 -0.57 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
301490A 29.9  1.97 -0.44 
301490A 26.9  1.86 -0.26 
301490A 24.2  2.09 -1.38 
301490A 21.7  2.00 -1.86 
301490A 19.2  1.83 -2.12 
301490A 16.2  2.25 -2.38 
301490A 13.7  2.15 -2.46 
301490A 11.1  1.88 -2.22 
301490A 8.7  2.26 -2.03 
301490A 5.6  2.08 -1.45 
301490A 2.5  2.23 -1.24 
301490A 0.0  2.03 -0.62 
    301490B 71.7  
  301490B 71.7  1.11 -2.86 
301490B 70.0  1.45 -2.77 
301490B 68.2  1.46 -2.72 
301490B 65.7  1.44 -2.33 
301490B 64.0  1.48 -2.36 
301490B 62.2  1.31 -2.13 
301490B 60.0  1.30 -1.35 
301490B 57.7  1.58 -0.94 
301490B 55.7  1.31 -0.93 
301490B 53.5  1.36 -1.53 
301490B 51.0  1.34 -2.61 
301490B 48.9  1.64 -2.33 
301490B 46.3  1.53 -2.33 
301490B 44.0  1.61 -2.29 
301490B 41.8  1.49 -2.00 
301490B 39.4  1.57 -2.14 
301490B 36.9  1.58 -2.22 
301490B 34.5  1.44 -2.23 
301490B 32.0  1.77 -2.11 
301490B 29.6  1.74 -2.18 
301490B 27.3  1.55 -1.83 
301490B 24.9  1.46 -1.48 
301490B 22.3  1.43 -1.67 
301490B 19.7  1.32 -0.67 
301490B 16.8  1.31 -0.55 
301490B 14.0  1.32 -0.54 
301490B 11.5  1.33 -0.98 
301490B 8.9  1.16 -1.86 
301490B 5.9  1.13 -1.78 
301490B 3.0  1.06 -1.62 
301490B 0.0  1.23 -1.78 
    JL06-33-1C 87.5  2.27 0.24 
JL06-33-1C 85.1  2.12 -0.13 
 
 
137 
 
Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
JL06-33-1C 82.6  2.31 -0.07 
JL06-33-1C 80.1  2.39 0.02 
JL06-33-1C 77.7  2.38 0.34 
JL06-33-1C 75.2  2.28 0.00 
JL06-33-1C 72.3  2.12 -0.16 
JL06-33-1C 69.5  2.23 -0.13 
JL06-33-1C 67.9  2.17 -0.37 
JL06-33-1C 65.0  2.19 -0.32 
JL06-33-1C 62.5  1.79 -0.25 
JL06-33-1C 59.8  2.01 -0.38 
JL06-33-1C 57.2  2.11 -0.25 
JL06-33-1C 54.9  2.23 0.12 
JL06-33-1C 53.0  1.92 -0.20 
JL06-33-1C 51.5  2.10 0.13 
JL06-33-1C 49.7  2.05 0.12 
JL06-33-1C 47.1  2.09 0.31 
JL06-33-1C 44.3  2.25 0.34 
JL06-33-1C 42.1  2.14 0.41 
JL06-33-1C 39.5  2.11 0.45 
JL06-33-1C 36.4  2.23 0.12 
JL06-33-1C 33.6  2.33 0.29 
JL06-33-1C 30.5  2.34 0.04 
JL06-33-1C 27.7  2.01 0.04 
JL06-33-1C 25.5  2.13 -0.02 
JL06-33-1C 22.8  2.02 -0.04 
JL06-33-1C 20.2  1.96 0.26 
JL06-33-1C 17.9  2.04 0.15 
JL06-33-1C 15.5  1.98 -0.06 
JL06-33-1C 14.2  1.81 -0.21 
JL06-33-1C 12.8  1.88 -0.44 
JL06-33-1C 11.6  1.78 -0.06 
JL06-33-1C 10.5  1.75 0.35 
JL06-33-1C 7.8  2.04 0.05 
JL06-33-1C 5.2  2.09 0.06 
JL06-33-1C 4.0  1.88 0.18 
JL06-33-1C 2.7  1.91 -0.20 
JL06-33-1C 1.4  1.92 0.30 
JL06-33-1C 0.0  2.11 0.08 
    JL06-33-1F 79.0 1.96 0.29 
JL06-33-1F 76.0 1.67 0.21 
JL06-33-1F 73.6 1.59 -0.10 
JL06-33-1F 70.6 1.75 0.37 
JL06-33-1F 68.4 1.64 -0.18 
JL06-33-1F 65.9 1.62 -0.12 
JL06-33-1F 63.4 1.69 -0.17 
JL06-33-1F 60.2 2.00 0.30 
JL06-33-1F 57.7 1.67 -0.12 
 
 
138 
 
Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
JL06-33-1F 55.3 1.63 -0.19 
JL06-33-1F 52.9 1.87 -0.19 
JL06-33-1F 50.8 1.89 0.06 
JL06-33-1F 48.2 1.69 -0.21 
JL06-33-1F 45.8 1.58 -0.32 
JL06-33-1F 43.3 1.27 -0.54 
JL06-33-1F 40.9 1.45 -0.38 
JL06-33-1F 38.3 1.55 0.02 
JL06-33-1F 35.4 1.80 0.37 
JL06-33-1F 32.8 1.76 0.35 
JL06-33-1F 30.5 1.58 -0.08 
JL06-33-1F 28.2 1.97 0.32 
JL06-33-1F 25.6 1.70 -0.10 
JL06-33-1F 22.8 1.73 -0.14 
JL06-33-1F 20.5 1.70 0.09 
JL06-33-1F 18.0 1.71 0.36 
JL06-33-1F 16.0 1.83 0.29 
JL06-33-1F 13.7 1.72 0.15 
JL06-33-1F 11.8 1.77 0.27 
JL06-33-1F 9.5 1.66 0.57 
JL06-33-1F 6.9 1.56 0.12 
JL06-33-1F 4.7 1.51 -0.03 
JL06-33-1F 2.3 1.53 -0.11 
JL06-33-1F 0.0 1.67 0.18 
    JL06-6-1 85.8  1.18 -0.07 
JL06-6-1 83.7  0.93 0.25 
JL06-6-1 82.1  1.02 0.05 
JL06-6-1 80.7  1.42 0.23 
JL06-6-1 78.8  1.16 -0.03 
JL06-6-1 76.1  1.13 -0.18 
JL06-6-1 74.0  1.32 0.02 
JL06-6-1 71.2  1.19 -0.37 
JL06-6-1 68.5  0.91 -0.44 
JL06-6-1 66.4  0.90 -0.11 
JL06-6-1 64.2  0.86 -0.17 
JL06-6-1 61.7  1.05 0.01 
JL06-6-1 59.7  1.07 -0.11 
JL06-6-1 57.9  1.15 -0.13 
JL06-6-1 55.4  1.11 0.10 
JL06-6-1 53.0  1.01 -0.03 
JL06-6-1 51.2  0.99 -0.10 
JL06-6-1 48.7  1.03 -0.19 
JL06-6-1 46.7  0.94 0.03 
JL06-6-1 44.8  1.07 -0.03 
JL06-6-1 43.4  0.97 -0.13 
JL06-6-1 41.6  1.11 -0.24 
JL06-6-1 39.8  1.26 0.23 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
JL06-6-2 38.7  1.29 -0.02 
JL06-6-1 37.6  1.23 -0.32 
JL06-6-1 35.7  1.02 0.03 
JL06-6-1 34.0  1.29 -0.41 
JL06-6-1 32.8  0.88 -0.37 
JL06-6-1 31.5  0.97 -0.13 
JL06-6-1 30.1  1.36 -0.12 
JL06-6-1 28.3  0.90 -0.05 
JL06-6-1 26.2  1.14 -0.24 
JL06-6-1 23.9  1.06 -0.18 
JL06-6-1 22.0  1.30 -0.23 
JL06-6-1 20.2  1.30 -0.53 
JL06-6-1 18.5  1.33 -0.21 
JL06-6-1 16.8  1.10 -0.22 
JL06-6-1 15.1  1.38 -0.11 
JL06-6-1 13.0  1.31 -0.26 
JL06-6-1 10.8  1.22 -0.41 
JL06-6-1 8.7  1.28 -0.30 
JL06-6-1 6.8  1.21 -0.03 
JL06-6-1 5.0  1.36 -0.01 
JL06-6-1 3.6  1.60 -0.04 
JL06-6-1 1.9  1.13 -0.09 
JL06-6-1 0.0  1.36 -0.28 
    JL06-29-1A 99.0  0.71 -0.68 
JL06-29-1A 97.3  0.85 -0.79 
JL06-29-1A 95.1  1.67 -0.28 
JL06-29-1A 93.2  1.63 -0.90 
JL06-29-1A 91.6  1.37 -0.80 
JL06-29-1A 89.6  1.77 -0.93 
JL06-29-1A 88.5  1.70 -0.75 
JL06-29-1A 86.3  
 
-0.99 
JL06-29-1A 85.4  1.91 -0.61 
JL06-29-1A 83.2  1.87 -0.55 
JL06-29-1A 80.8  1.64 -0.34 
JL06-29-1A 79.0  1.33 -0.73 
JL06-29-1A 76.5  1.46 -0.86 
JL06-29-1A 74.0  1.37 -0.99 
JL06-29-1A 71.1  1.44 -1.38 
JL06-29-1A 68.0  1.38 -1.21 
JL06-29-1A 64.8  
 
-1.18 
JL06-29-1A 63.6  1.53 -0.76 
JL06-29-1A 61.0  1.31 -0.57 
JL06-29-1A 59.7  1.46 -0.57 
JL06-29-1A 53.1  1.21 -0.88 
JL06-29-1A 50.7  1.33 -0.92 
JL06-29-1A 49.4  1.18 -1.02 
JL06-29-1A 47.3  
 
-1.08 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
JL06-29-1A 45.0  1.38 -0.66 
JL06-29-1A 42.5  1.85 -0.65 
JL06-29-1A 40.1  1.68 -1.00 
JL06-29-1A 37.6  1.58 -1.08 
JL06-29-1A 34.7  1.82 -1.20 
JL06-29-1A 32.2  1.95 -1.06 
JL06-29-1A 29.9  1.99 -0.96 
JL06-29-1A 27.2  1.67 -0.91 
JL06-29-1A 24.5  1.88 -0.75 
JL06-29-1A 23.0  1.66 -0.72 
JL06-29-1A 21.5  
 
-0.86 
JL06-29-1A 18.7  
 
-0.98 
JL06-29-1A 15.9  1.75 -0.66 
JL06-29-1A 13.2  2.14 -1.05 
JL06-29-1A 10.6  2.29 -1.13 
JL06-29-1A 7.7  2.13 -0.82 
JL06-29-1A 4.5  2.15 -1.09 
JL06-29-1A 2.3  2.28 -1.08 
JL06-29-1A 0.0  2.10 -1.15 
    JL06-29-1B 84.0  1.03 -0.81 
JL06-29-1B 82.7  0.84 -0.72 
JL06-29-1B 80.1  1.17 -0.40 
JL06-29-1B 79.0  1.18 -0.49 
JL06-29-1B 77.0  1.39 -0.54 
JL06-29-1B 75.1  1.11 -0.50 
JL06-29-1B 73.0  1.24 -0.78 
JL06-29-1B 70.8  1.36 -0.88 
JL06-29-1B 68.8  1.32 -1.19 
JL06-29-1B 65.8  0.81 -1.17 
JL06-29-1B 63.4  0.88 -0.75 
JL06-29-1B 61.1  1.10 -1.04 
JL06-29-1B 58.8  0.51 -1.04 
JL06-29-1B 53.4  1.28 -1.00 
JL06-29-1B 51.1  1.47 -1.03 
JL06-29-1B 48.9  1.30 -0.98 
JL06-29-1B 46.6  1.20 -0.72 
JL06-29-1B 43.7  1.13 -1.07 
JL06-29-1B 40.9  1.02 -1.12 
JL06-29-1B 38.9  1.42 -1.04 
JL06-29-1B 36.8  1.49 -0.64 
JL06-29-1B 34.6  1.42 -0.77 
JL06-29-1B 32.4  0.91 -0.83 
JL06-29-1B 29.8  1.01 -1.06 
JL06-29-1B 27.7  1.23 -1.04 
JL06-29-1B 25.6  0.59 -0.94 
JL06-29-1B 23.0  1.50 -0.67 
JL06-29-1B 20.8  1.51 -0.69 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
JL06-29-1B 18.1  1.65 -0.68 
JL06-29-1B 15.5  1.95 -0.71 
JL06-29-1B 13.1  2.15 -0.67 
JL06-29-1B 10.7  1.79 -0.68 
JL06-29-1B 8.3  1.70 -0.91 
JL06-29-1B 5.9  2.18 -1.09 
JL06-29-1B 3.0  1.71 -1.07 
    AT06-5-1A 241.3  1.20 -0.55 
AT06-5-1A 238.8  1.58 -0.56 
AT06-5-1A 235.2  1.68 -0.35 
AT06-5-1A 231.5  1.63 -0.37 
AT06-5-1A 228.8  1.89 -0.38 
AT06-5-1A 226.0  1.90 0.11 
AT06-5-1A 223.4  1.39 -0.65 
AT06-5-1A 220.6  1.77 -0.33 
AT06-5-1A 217.4  1.77 -0.02 
AT06-5-1A 214.3  1.85 -0.39 
AT06-5-1A 211.4  1.54 -0.71 
AT06-5-1A 208.3  1.73 -0.40 
AT06-5-1A 205.2  1.67 -0.27 
AT06-5-1A 202.4  1.56 -0.37 
AT06-5-1A 199.6  1.66 -0.58 
AT06-5-1A 196.6  1.86 -0.81 
AT06-5-1A 193.4  1.98 -0.19 
AT06-5-1A 190.6  2.16 -0.46 
AT06-5-1A 187.3  2.25 -0.65 
AT06-5-1A 184.8  2.17 -1.07 
AT06-5-1A 182.1  1.79 -1.25 
AT06-5-1A 179.1  1.73 -1.18 
AT06-5-1A 175.9  2.10 -0.44 
AT06-5-1A 173.4  2.51 -0.39 
AT06-5-1A 170.4  2.43 -0.33 
AT06-5-1A 167.8  2.56 -0.73 
AT06-5-1A 165.6  2.34 -1.32 
AT06-5-1A 162.4  2.36 -1.11 
AT06-5-1A 159.9  2.41 -1.24 
AT06-5-1A 157.4  2.73 -1.02 
AT06-5-1A 153.8  2.60 -1.51 
AT06-5-1A 150.7  2.21 -1.25 
AT06-5-1A 148.0  2.30 -0.79 
AT06-5-1A 145.7  1.97 -1.00 
AT06-5-1A 142.6  1.97 -0.49 
AT06-5-1A 140.1  1.98 -0.67 
AT06-5-1A 137.1  1.90 -0.99 
AT06-5-1A 134.2  1.47 -1.17 
AT06-5-1A 130.7  2.04 -1.49 
AT06-5-1A 127.8  2.45 -1.17 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
AT06-5-1A 125.4  2.47 -1.46 
AT06-5-1A 122.4  3.04 -1.07 
AT06-5-1A 120.2  2.71 -0.80 
AT06-5-1A 117.0  2.73 -0.76 
AT06-5-1A 114.2  2.83 -0.70 
AT06-5-1A 111.5  2.62 -0.76 
AT06-5-1A 108.8  2.54 -0.82 
AT06-5-1A 105.4  2.37 -0.92 
AT06-5-1A 102.8  2.48 -0.22 
AT06-5-1A 100.9  2.43 -0.35 
AT06-5-1A 98.6  2.65 -0.64 
AT06-5-1A 96.4  2.50 -0.83 
AT06-5-1A 93.5  2.49 -0.96 
AT06-5-1A 91.2  2.60 -1.19 
AT06-5-1A 88.7  2.45 -1.33 
AT06-5-1A 85.6  2.47 -1.39 
AT06-5-1A 83.2  2.65 -1.32 
AT06-5-1A 80.5  2.58 -1.90 
AT06-5-1A 78.2  2.46 -1.80 
AT06-5-1A 76.0  2.58 -1.89 
AT06-5-1A 73.3  2.61 -1.11 
AT06-5-1A 71.1  2.49 -1.00 
AT06-5-1A 68.1  2.71 -1.22 
AT06-5-1A 65.0  2.61 -1.39 
AT06-5-1A 62.3  2.73 -0.91 
AT06-5-1A 59.8  2.44 -0.97 
AT06-5-1A 57.8  2.64 -0.65 
AT06-5-1A 55.0  2.60 -0.86 
AT06-5-1A 52.6  2.71 -0.60 
AT06-5-1A 49.7  2.39 -0.56 
AT06-5-1A 47.4  2.85 -0.46 
AT06-5-1A 45.3  2.87 -0.48 
AT06-5-1A 42.7  2.93 -0.38 
AT06-5-1A 39.7  2.61 -0.45 
AT06-5-1A 36.9  2.88 -0.64 
AT06-5-1A 34.1  2.69 -0.55 
AT06-5-1A 31.0  2.44 -0.32 
AT06-5-1A 28.3  2.63 -0.62 
AT06-5-1A 25.7  2.52 -0.27 
AT06-5-1A 23.4  2.63 -0.63 
AT06-5-1A 20.9  2.69 -0.34 
AT06-5-1A 18.3  2.58 -0.72 
AT06-5-1A 15.7  2.56 -1.32 
AT06-5-1A 12.8  2.46 -1.18 
AT06-5-1A 10.2  2.50 -1.13 
AT06-5-1A 7.6  2.51 -1.04 
AT06-5-1A 5.1  2.44 -1.40 
AT06-5-1A 2.5  2.40 -0.94 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
AT06-5-1A 0.0  2.39 -0.99 
    AT06-5-1B 88.0  2.52 -0.17 
AT06-5-1B 86.9  2.46 -0.70 
AT06-5-1B 85.7  2.63 -0.39 
AT06-5-1B 84.2  2.63 -0.30 
AT06-5-1B 82.7  2.35 -0.26 
AT06-5-1B 81.2  2.42 -0.32 
AT06-5-1B 79.6  2.24 -0.51 
AT06-5-1B 77.6  2.33 -0.95 
AT06-5-1B 75.8  2.71 -0.81 
AT06-5-1B 74.0  2.74 -1.03 
AT06-5-1B 71.6  2.69 -1.00 
AT06-5-1B 69.5  2.64 -1.30 
AT06-5-1B 67.9  2.57 -1.03 
AT06-5-1B 66.2  2.71 -0.68 
AT06-5-1B 60.4  2.70 -0.07 
AT06-5-1B 58.2  2.68 0.04 
AT06-5-1B 56.3  2.90 0.18 
 
55.3 2.82 -0.13 
AT06-5-1B 54.3  2.95 -0.43 
AT06-5-1B 52.0  2.62 -0.41 
AT06-5-1B 49.5  2.71 -0.17 
AT06-5-1B 46.3  2.71 -0.29 
AT06-5-1B 44.0  2.74 -0.09 
AT06-5-1B 41.6  3.01 -0.14 
AT06-5-1B 39.4  3.08 -0.27 
AT06-5-1B 36.9  3.02 -0.09 
AT06-5-1B 34.1  3.06 -0.12 
AT06-5-1B 31.4  2.81 -0.02 
AT06-5-1B 28.8  2.72 -0.16 
AT06-5-1B 26.1  2.93 -0.27 
AT06-5-1B 23.5  2.67 -0.22 
AT06-5-1B 21.6  2.83 0.08 
AT06-5-1B 19.4  3.02 -0.46 
AT06-5-1B 17.2  2.63 0.19 
AT06-5-1B 14.9  2.31 -0.51 
AT06-5-1B 12.3  2.79 -0.72 
AT06-5-1B 9.9  2.76 -0.26 
AT06-5-1B 7.5  2.84 -0.85 
AT06-5-1B 5.0  2.58 -1.05 
AT06-5-1B 2.5  2.54 -1.13 
    AT06-19-1 78.3  2.11 0.86 
AT06-19-1 76.5  2.18 1.33 
AT06-19-1 74.5  2.08 1.38 
AT06-19-1 72.1  2.20 1.12 
AT06-19-1 69.9  1.85 0.70 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
AT06-19-1 68.1  1.87 0.52 
AT06-19-1 66.0  2.06 0.89 
AT06-19-1 63.1  2.09 0.91 
AT06-19-1 60.7  2.34 1.01 
AT06-19-1 58.3  2.37 1.03 
AT06-19-1 55.6  2.41 1.05 
AT06-19-1 53.0  2.48 0.73 
AT06-19-1 50.6  2.45 1.11 
AT06-19-1 47.7  2.41 0.91 
AT06-19-1 45.3  2.32 0.86 
AT06-19-1 43.0  2.33 0.78 
AT06-19-1 41.0  2.39 1.02 
AT06-19-1 39.0  2.23 0.85 
AT06-19-1 37.0  2.09 0.72 
AT06-19-1 34.9  2.17 0.72 
AT06-19-1 32.7  2.21 0.56 
AT06-19-1 30.7  2.39 0.51 
AT06-19-1 28.0  2.30 0.64 
AT06-19-1 25.3  2.35 0.63 
AT06-19-1 23.5  2.30 0.40 
AT06-19-1 21.3  2.24 0.34 
AT06-19-1 19.2  2.31 0.56 
AT06-19-1 16.2  2.25 0.34 
AT06-19-1 13.9  2.15 0.47 
AT06-19-1 11.7  1.97 0.75 
AT06-19-1 9.7  2.09 0.38 
AT06-19-1 8.1  2.19 0.28 
AT06-19-1 6.2  2.04 0.24 
AT06-19-1 4.3  1.95 0.04 
AT06-19-1 2.2  2.05 0.16 
AT06-19-1 0.0  1.94 0.50 
    JL06-15-1 179.8  0.64 -0.22 
JL06-15-1 177.8  -0.02 -0.66 
JL06-15-1 175.8  1.00 -0.24 
JL06-15-1 173.3  0.10 -0.28 
JL06-15-1 170.5  -0.35 -0.38 
JL06-15-1 168.6  -0.58 -0.33 
JL06-15-1 166.6  0.38 -0.34 
JL06-15-1 164.5  -0.29 -0.38 
JL06-15-1 162.2  0.72 -0.37 
JL06-15-1 159.8  -0.29 -0.66 
JL06-15-1 157.0  1.24 -0.57 
JL06-15-1 154.9  -0.10 -0.35 
JL06-15-1 152.6  -0.10 -0.40 
JL06-15-1 150.4  -0.59 -0.50 
JL06-15-1 148.2  -0.99 -0.40 
JL06-15-1 145.9  -0.17 -0.56 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
JL06-15-1 143.6  0.37 -0.76 
JL06-15-1 141.6  0.25 -0.66 
JL06-15-1 139.6  -0.26 -0.59 
JL06-15-1 137.4  -0.50 -0.63 
JL06-15-1 135.1  -0.26 -0.83 
JL06-15-1 132.5  -0.10 -0.59 
JL06-15-1 130.1  0.53 -0.84 
JL06-15-1 128.2  0.00 -0.95 
JL06-15-1 125.9  -0.42 -0.96 
JL06-15-1 124.0  0.01 -0.81 
JL06-15-1 122.0  -0.29 -0.76 
JL06-15-1 119.9  -0.22 -0.84 
JL06-15-1 116.9  -0.10 -0.39 
JL06-15-1 114.6  -0.32 -0.60 
JL06-15-1 112.2  -1.08 -0.85 
JL06-15-1 110.7  -0.58 -0.81 
JL06-15-1 108.1  -0.42 -0.91 
JL06-15-1 106.4  -0.58 -0.91 
JL06-15-1 104.6  -1.34 -1.01 
JL06-15-1 102.6  -1.12 -1.32 
JL06-15-1 99.8  -1.34 -0.77 
JL06-15-1 97.7  -1.31 -0.75 
JL06-15-1 95.1  -0.79 -0.91 
JL06-15-1 93.0  -0.40 -0.84 
JL06-15-1 90.7  -0.31 -0.62 
JL06-15-1 88.5  0.87 -0.53 
JL06-15-1 86.8  0.64 -0.79 
JL06-15-1 85.2  -0.09 -0.54 
JL06-15-1 82.8  0.78 -0.57 
JL06-15-1 80.6  1.05 -0.52 
JL06-15-1 78.7  0.15 -0.52 
JL06-15-1 76.2  1.43 -0.54 
JL06-15-1 74.3  0.43 -0.76 
JL06-15-1 72.6  0.78 -0.46 
JL06-15-1 70.0  0.65 -0.53 
JL06-15-1 67.7  0.38 -0.59 
JL06-15-1 65.4  0.59 -0.63 
JL06-15-1 63.3  -0.17 -0.68 
JL06-15-1 61.3  0.50 -0.63 
JL06-15-1 59.5  -0.35 -0.81 
JL06-15-1 57.7  0.33 -0.84 
JL06-15-1 55.5  0.03 -1.01 
JL06-15-1 53.1  0.41 -1.16 
JL06-15-1 51.4  0.86 -1.19 
JL06-15-1 49.1  0.60 -0.89 
JL06-15-1 46.5  0.83 -0.70 
JL06-15-1 44.0  1.33 -0.70 
JL06-15-1 41.6  0.76 -0.80 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
JL06-15-1 39.0  0.61 -0.89 
JL06-15-1 36.5  0.47 -0.89 
JL06-15-1 33.6  0.76 -0.70 
JL06-15-1 31.0  0.99 -0.72 
JL06-15-1 29.1  1.25 -0.65 
JL06-15-1 26.7  0.99 -0.64 
JL06-15-1 23.3  1.07 -0.66 
JL06-15-1 20.5  1.37 -0.55 
JL06-15-1 18.1  1.35 -0.47 
JL06-15-1 15.2  0.88 -0.71 
JL06-15-1 12.3  0.97 -0.72 
JL06-15-1 9.9  0.76 -0.56 
JL06-15-1 7.6  1.44 -0.56 
JL06-15-1 5.4  1.20 -0.58 
JL06-15-1 2.8  1.09 -0.62 
JL06-15-1 0.0  1.43 -0.50 
    AT06-22-1A 67.7  1.30 -0.03 
AT06-22-1A 66.0  1.57 -0.22 
AT06-22-1A 64.8  1.53 0.03 
AT06-22-1A 63.6  1.77 0.07 
AT06-22-1A 62.4  1.71 0.06 
AT06-22-1A 60.8  1.66 -0.04 
AT06-22-1A 59.1  1.75 -0.11 
AT06-22-1A 57.5  1.96 0.14 
AT06-22-1A 56.0  1.91 0.27 
AT06-22-1A 54.1  1.36 -0.02 
AT06-22-1A 52.6  1.81 0.06 
AT06-22-1A 50.9  2.11 -0.07 
AT06-22-1A 49.2  2.52 0.28 
AT06-22-1A 47.2  2.56 0.20 
AT06-22-1A 45.4  2.59 0.34 
 
44.5 2.17 0.19 
AT06-22-1A 43.7  2.02 0.21 
AT06-22-1A 42.0  2.03 0.18 
AT06-22-1A 40.5  2.13 0.10 
AT06-22-1A 39.0  1.96 0.09 
AT06-22-1A 37.5  2.11 -0.08 
AT06-22-1A 36.2  1.87 0.00 
AT06-22-1A 34.5  1.96 0.16 
AT06-22-1A 33.1  2.04 -0.02 
AT06-22-1A 31.7  2.23 -0.04 
 
31.0 2.23 0.04 
AT06-22-1A 30.4  1.90 -0.03 
AT06-22-1A 29.0  2.00 -0.02 
AT06-22-1A 27.8  2.02 -0.16 
AT06-22-1A 26.7  2.09 -0.02 
AT06-22-1A 25.5  2.00 0.00 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
AT06-22-1A 23.2  2.13 0.07 
AT06-22-1A 21.0  2.34 0.32 
AT06-22-1A 19.8  2.48 0.06 
AT06-22-1A 17.7  2.04 -0.02 
AT06-22-1A 15.5  2.19 0.14 
AT06-22-1A 13.4  1.97 -0.04 
AT06-22-1A 11.4  2.51 0.08 
AT06-22-1A 9.4  2.60 0.21 
AT06-22-1A 7.5  2.54 0.30 
AT06-22-1A 5.7  2.31 0.20 
AT06-22-1A 3.5  2.34 0.26 
AT06-22-1A 1.8  2.36 0.17 
AT06-22-1A 0.0  2.32 0.29 
    GFG-A 127.3  1.84 -0.12 
GFG-A 125.5  1.80 -0.57 
GFG-A 123.0  1.83 -0.97 
GFG-A 121.4  1.71 -0.75 
GFG-A 119.3  1.96 -0.38 
GFG-A 117.4  1.77 -0.51 
GFG-A 115.2  1.81 -0.22 
GFG-A 113.7  1.76 -0.42 
GFG-A 111.6  1.73 -0.79 
GFG-A 109.3  1.44 -0.95 
GFG-A 107.2  1.45 -0.64 
GFG-A 105.6  1.52 -0.60 
GFG-A 104.0  1.69 -0.16 
GFG-A 101.6  1.70 -0.20 
GFG-A 99.8  1.70 -0.50 
GFG-A 96.6  1.78 -0.31 
GFG-A 94.2  1.95 -0.29 
GFG-A 91.7  1.95 -0.34 
GFG-A 89.7  1.83 -0.51 
GFG-A 86.9  1.71 -0.53 
GFG-A 84.7  1.81 -0.55 
GFG-A 83.3  1.97 -0.82 
GFG-A 80.8  1.81 -0.86 
GFG-A 78.6  1.54 -0.82 
GFG-A 76.4  1.88 -0.44 
GFG-A 74.4  1.82 0.10 
GFG-A 72.4  1.83 -0.36 
GFG-A 70.2  1.85 -0.44 
GFG-A 68.2  1.79 -0.51 
GFG-A 66.3  2.10 -0.47 
GFG-A 64.1  2.28 -0.66 
GFG-A 61.8  2.46 -0.48 
GFG-A 59.8  2.43 -0.45 
GFG-A 57.5  2.31 -0.73 
 
 
148 
 
Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
GFG-A 54.9  2.24 -0.62 
GFG-A 53.0  2.19 -0.59 
GFG-A 50.9  2.19 -0.40 
GFG-A 48.7  2.18 -0.54 
GFG-A 46.2  2.63 -0.49 
GFG-A 43.9  2.44 -0.52 
GFG-A 41.5  2.30 -0.78 
GFG-A 39.1  2.23 -0.90 
GFG-A 36.7  2.09 -1.18 
GFG-A 34.2  1.87 -0.29 
GFG-A 31.6  2.17 -0.73 
GFG-A 29.0  2.18 -0.68 
GFG-A 26.7  1.94 -0.85 
GFG-A 24.3  2.10 -0.82 
GFG-A 21.9  2.13 -0.53 
GFG-A 19.5  2.05 -0.74 
GFG-A 16.8  2.23 -0.96 
GFG-A 13.9  2.04 -0.91 
GFG-A 11.3  1.87 -0.85 
GFG-A 8.9  2.13 -0.64 
GFG-A 6.9  2.02 -0.68 
GFG-A 4.4  2.28 -0.75 
GFG-A 2.3  1.87 -0.75 
GFG-A 0.0  1.92 -0.91 
    GFS-2A 100.5  2.12 -1.03 
GFS-2A 98.9  2.51 -1.08 
GFS-2A 97.4  2.68 -1.05 
GFS-2A 95.3  2.51 -0.96 
GFS-2A 93.5  2.63 -0.95 
GFS-2A 91.8  2.26 -0.94 
GFS-2A 89.4  1.76 -1.21 
GFS-2A 87.9  1.91 -1.23 
GFS-2A 85.9  2.13 -1.07 
GFS-2A 84.5  2.05 -1.10 
GFS-2A 82.9  2.41 -0.85 
GFS-2A 81.0  2.74 -0.84 
GFS-2A 79.6  2.41 -1.05 
GFS-2A 77.7  2.71 -1.07 
GFS-2A 75.8  3.09 -1.06 
GFS-2A 74.0  3.15 -1.02 
GFS-2A 72.5  3.11 -1.06 
GFS-2A 70.5  2.96 -1.06 
GFS-2A 68.4  2.85 -0.94 
GFS-2A 66.4  2.68 -1.13 
GFS-2A 64.1  2.85 -1.17 
GFS-2A 62.3  2.82 -1.15 
GFS-2A 60.7  2.78 -1.05 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
GFS-2A 58.3  2.68 -0.98 
GFS-2A 56.2  2.75 -1.02 
GFS-2A 52.3  2.77 -1.25 
GFS-2A 50.6  3.02 -1.28 
GFS-2A 48.9  2.84 -1.27 
GFS-2A 46.8  2.92 -1.33 
GFS-2A 44.8  2.93 -1.41 
GFS-2A 43.2  2.93 -1.39 
GFS-2A 41.5  2.70 -1.57 
GFS-2A 39.8  2.74 -1.78 
GFS-2A 38.2  2.88 -1.31 
GFS-2A 36.9  2.76 -1.41 
GFS-2A 35.3  2.89 -1.51 
GFS-2A 33.5  3.04 -1.54 
GFS-2A 31.3  3.08 -1.36 
GFS-2A 29.1  2.92 -1.30 
GFS-2A 26.8  3.01 -1.37 
GFS-2A 24.5  2.93 -1.45 
GFS-2A 21.8  2.64 -1.04 
GFS-2A 19.4  2.82 -1.00 
GFS-2A 16.8  2.77 -1.12 
GFS-2A 14.4  2.64 -0.90 
GFS-2A 11.9  2.57 -0.64 
GFS-2A 9.6  2.60 -0.76 
GFS-2A 7.1  2.66 -1.01 
GFS-2A 4.4  2.75 -1.15 
GFS-2A 2.5  2.85 -1.25 
GFS-2A 0.0  2.90 -0.98 
    GFS-3A 67.8  2.02 -0.93 
GFS-3A 64.8  2.17 -1.72 
GFS-3A 63.0  2.14 -1.98 
GFS-3A 60.9  2.33 -1.38 
GFS-3A 59.2  2.32 -1.09 
GFS-3A 57.6  2.31 -1.04 
GFS-3A 55.3  1.99 -1.02 
GFS-3A 53.3  1.76 -0.63 
GFS-3A 51.0  1.87 -1.13 
GFS-3A 49.1  1.82 -1.06 
GFS-3A 47.4  1.88 -1.29 
GFS-3A 45.9  2.05 -1.13 
GFS-3A 43.6  2.45 -1.57 
GFS-3A 41.8  2.18 -1.54 
GFS-3A 39.5  2.17 -2.03 
GFS-3A 37.6  2.00 -1.70 
GFS-3A 35.7  2.09 -1.38 
GFS-3A 33.9  1.94 -0.77 
GFS-3A 31.4  1.82 -0.37 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
GFS-3A 29.5  1.97 -1.00 
GFS-3A 27.2  2.08 -0.77 
GFS-3A 25.0  2.16 -1.01 
GFS-3A 22.9  2.13 -1.02 
GFS-3A 21.0  2.22 -1.11 
GFS-3A 19.1  2.16 -0.91 
GFS-3A 17.1  1.95 -0.22 
GFS-3A 14.9  2.20 -0.28 
GFS-3A 12.8  2.03 -0.87 
GFS-3A 10.6  2.29 -0.96 
GFS-3A 8.3  2.15 -1.09 
GFS-3A 6.0  2.18 -1.09 
GFS-3A 3.8  2.26 -1.50 
GFS-3A 1.9  2.31 -1.35 
GFS-3A 0.0  2.37 -1.42 
    GFS-3B 84.8  2.47 -1.23 
GFS-3B 82.8  2.28 -1.62 
GFS-3B 80.3  2.36 -1.10 
GFS-3B 78.4  2.44 -1.02 
GFS-3B 76.8  2.47 -1.00 
GFS-3B 74.4  2.77 -1.17 
GFS-3B 71.6  2.49 -1.13 
GFS-3B 69.4  2.98 -1.26 
GFS-3B 67.1  2.98 -1.51 
GFS-3B 65.5  3.05 -1.64 
GFS-3B 62.9  2.70 -1.50 
GFS-3B 60.1  2.93 -1.54 
GFS-3B 57.5  2.28 -1.38 
GFS-3B 55.0  1.99 -1.27 
GFS-3B 52.7  2.54 -1.18 
GFS-3B 50.7  2.50 -1.10 
GFS-3B 47.7  2.72 -1.13 
GFS-3B 45.3  2.57 -1.13 
GFS-3B 43.4  2.38 -0.99 
GFS-3B 41.2  2.32 -0.84 
GFS-3B 39.2  2.09 -0.87 
GFS-3B 36.7  2.47 -0.93 
GFS-3B 34.1  2.26 -0.95 
GFS-3B 32.0  2.65 -0.84 
GFS-3B 29.9  2.58 
 GFS-3B 28.0  3.10 -0.92 
GFS-3B 25.7  2.88 -0.93 
GFS-3B 23.4  2.46 -0.82 
GFS-3B 20.9  2.89 -1.00 
GFS-3B 18.5  2.82 -1.22 
GFS-3B 16.2  2.96 -1.69 
GFS-3B 14.0  2.92 -1.66 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
GFS-3B 11.7  3.12 -1.64 
GFS-3B 9.4  2.75 -1.67 
GFS-3B 7.1  2.67 -1.72 
GFS-3B 4.8  2.42 -1.69 
GFS-3B 2.4  2.81 -1.36 
GFS-3B 0.0  2.59 -1.23 
    GFS-3F 87.1  1.80 -1.09 
GFS-3F 85.9  1.78 -1.13 
GFS-3F 84.1  2.09 -1.57 
GFS-3F 81.8  1.83 -0.99 
GFS-3F 79.5  2.08 -0.94 
GFS-3F 78.1  1.98 -1.10 
GFS-3F 76.4  1.97 -1.60 
GFS-3F 75.0  2.17 -1.57 
GFS-3F 73.2  2.04 -1.40 
GFS-3F 71.2  1.92 -1.32 
GFS-3F 69.6  2.00 -1.29 
GFS-3F 67.8  2.04 -1.12 
GFS-3F 65.9  2.20 -1.04 
GFS-3F 63.8  2.18 -0.80 
GFS-3F 61.2  2.06 -0.70 
GFS-3F 58.9  2.10 -1.13 
GFS-3F 57.0  2.14 -1.08 
GFS-3F 55.3  1.99 -1.25 
GFS-3F 52.7  2.53 -1.94 
GFS-3F 50.3  2.55 -1.79 
GFS-3F 48.9  2.59 -1.69 
GFS-3F 46.9  2.44 -1.59 
GFS-3F 44.4  2.49 -1.39 
GFS-3F 42.0  2.11 -1.16 
GFS-3F 39.9  2.23 -1.07 
GFS-3F 38.2  2.44 -1.15 
GFS-3F 36.2  2.04 -0.96 
GFS-3F 34.3  2.20 -0.94 
GFS-3F 32.1  2.26 -0.94 
GFS-3F 30.0  2.60 -1.10 
GFS-3F 27.7  2.35 -1.01 
GFS-3F 25.5  2.30 -1.41 
GFS-3F 23.9  2.85 -1.60 
GFS-3F 22.2  2.77 -1.73 
GFS-3F 20.5  3.34 -1.57 
GFS-3F 18.9  3.21 -1.60 
GFS-3F 17.2  3.06 -1.54 
GFS-3F 15.4  3.07 -1.31 
GFS-3F 13.5  3.06 -1.43 
GFS-3F 11.4  2.97 -1.39 
GFS-3F 9.4  2.56 -1.44 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
GFS-3F 7.4  2.59 -1.24 
GFS-3F 5.5  2.45 -1.00 
GFS-3F 3.7  2.89 -0.99 
GFS-3F 1.9  2.64 -0.94 
GFS-3F 0.0  2.99 -0.88 
    GPR-A 108.6  1.96 -0.53 
GPR-A 107.0  1.84 -0.67 
GPR-A 105.5  2.22 -0.71 
GPR-A 103.9  2.26 -0.89 
GPR-A 102.1  2.05 -0.73 
GPR-A 100.6  1.94 -0.98 
GPR-A 98.9  2.17 -1.37 
GPR-A 97.1  1.70 -1.33 
GPR-A 94.8  1.48 -0.96 
GPR-A 92.6  1.40 -1.20 
GPR-A 91.1  1.93 -1.08 
GPR-A 89.3  1.73 -0.82 
GPR-A 87.1  1.89 -0.58 
GPR-A 85.4  2.12 -0.58 
GPR-A 84.2  2.23 -1.60 
GPR-A 83.0  1.84 -1.60 
GPR-A 81.1  1.80 -0.76 
GPR-A 79.3  1.79 -0.58 
GPR-A 77.2  2.17 -0.73 
GPR-A 74.9  2.32 -1.05 
GPR-A 73.1  2.25 -1.31 
GPR-A 71.3  2.00 -1.64 
GPR-A 70.4  1.70 -0.93 
GPR-A 69.5  1.79 -0.61 
GPR-A 67.7  1.83 -0.74 
GPR-A 65.7  1.57 -0.70 
GPR-A 64.3  1.72 -0.84 
GPR-A 62.1  2.15 -1.10 
GPR-A 60.1  2.31 -1.45 
GPR-A 58.4  2.22 -1.67 
GPR-A 56.2  1.99 -1.46 
GPR-A 54.0  1.80 -1.50 
GPR-A 51.7  1.87 -0.85 
GPR-A 49.6  1.73 -0.90 
GPR-A 47.3  1.71 -0.78 
GPR-A 45.1  1.72 -0.59 
GPR-A 43.1  1.95 -1.17 
GPR-A 41.1  2.05 -0.67 
GPR-A 39.1  2.45 -0.73 
GPR-A 37.3  2.46 -0.79 
GPR-A 35.4  2.39 -0.63 
GPR-A 33.5  2.37 -0.77 
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Sample ID 
Length from 
apex (mm) δ
13
C δ
18
O 
 
GPR-A 31.8  2.67 -0.66 
GPR-A 30.2  2.75 -0.88 
GPR-A 28.6  2.45 -0.97 
GPR-A 26.9  2.58 -0.94 
GPR-A 25.3  2.37 -1.39 
GPR-A 23.6  2.08 -1.46 
GPR-A 22.0  2.32 -1.71 
GPR-A 20.3  2.62 -1.32 
GPR-A 18.5  2.58 -1.54 
GPR-A 16.8  2.41 -1.50 
GPR-A 15.1  2.86 -1.56 
GPR-A 11.8  2.68 -1.39 
GPR-A 10.2  2.60 -1.38 
GPR-A 8.9  2.63 -1.15 
GPR-A 7.3  2.09 -1.01 
GPR-A 5.0  2.21 -0.90 
GPR-A 2.7  2.06 -0.93 
GPR-A 0.0  2.67 -0.96 
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APPENDIX 3 
CALCULATION OF PALEO-SSTS AND BASELINE 18O VALUES AND ERROR 
ANALYSES OF THE PANAMA SAMPLES 
 
APPENDIX FIGURE 1––(A) Modern seawater temperature and salinity and (B) 
expected aragonite δ18O values (18Oar) versus depth. Temperature and salinity data 
are from WOD 2009 data set and equilibrium 18Oar determined using the Grossman 
and Ku (1986) equation. 
 
Calculation of baseline 18O values, the reference from which seasonal upwelling 
and freshwater input are quantified, requires open ocean 18O values free of upwelling 
and local freshwater influences.  These 18O values are based on planktonic foraminiferal 
18O values from DSDP and ODP cores.  However, to correct for paleo-depth differences 
between the planktonic foraminifera and the mollusk shells, foraminiferal 18O data and 
paleo-SST proxies are used to calculate seawater 18O from foraminiferal 18O. Modern 
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temperature and seawater 18O profiles are then used to determine the depth correction, 
followed by the calculation of baseline 18O values for Conus aragonite.  These steps are 
detailed below.  
1. The seawater δ18O values are derived from Eq. (1), which has two quadratic roots: 
       
      
     √                  
    
                      (2) 
where cl is planktonic foraminiferal calcite. Both δ18Ocl and T are averaged values 
of each sample’s age interval.  Only one of the roots generate reasonable δ18Ow 
values, which is  
       
      
     √                  
    
                       (3) 
2. Depth correction of the molluscan δ18O values are derived from the regression fits 
of the modern SWC and TEP δ18Oar-depth derived from WOD 2009 data and shown 
in Appendix Figure 1, which are: 
δ18OSWC = 1.2636×10
-12d6 - 8.0582×10-10d5 + 2.0336×-7d4 - 2.5819×10-5d3  
+ 1.6731×10-3d2 - 2.9989×10-2d - 0.986   (R2=0.9999)             (4) 
δ18OTEP = 3.8680×10
-12d6 - 2.6737×10-9d5 + 7.1863×-7d4 - 9.2724×10-5d3  
+ 5.4887×10-3d2 -7.8116×10-2d - 2.012    (R2=0.9993)             (5) 
where d is the depth of each specimen. These equations assume that the Neogene 
δ18Oar-depth profiles are same to those in the modern. 
3. The paleo-SSTs are calculated from Grossman and Ku (1986; modified by 
Hudson and Arthur, 1989), which is: 
 T (℃) = 19.7 - 4.34(δ18Oar-corr - δ
18Ow) (6) 
Note that δ18Oar-corr is the δ
18O value of gastropod shell after depth correction. 
4. Calculation of error in the paleo-SST calculation comes from errors in the 
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determination of δ18Oar-corr and  δ
18Ow, and the error of the δ
18Ow comes 
primarily from δ18Ocl, so the entire error can be derived from: 
          √            (              )
 
                  (7) 
where the depth correction error comes from the error in temperature and salinity 
of each depth and the error from the uncertainty of depth determination. 
5. The baseline shell δ18O values (18Obl) for each sample location are derived from 
the depth-corrected temperature and seawater 18O using the Grossman and Ku 
(1986) equation: 
       
      
    
                (8) 
6. The normalized shell δ18O is then calculated as following: 
          
          
               
              (9) 
7. The normalized ΔT during the upwelling event and normalized ΔS associated 
with freshwater input is determined from Grossman and Ku (1986) and Fairbanks 
et al. (1992), respectively: 
                                       (10) 
      
 
    
                               (11) 
      
 
    
                               (12) 
8. The error in the normalized shell δ18O comes from depth correction, literature 
temperature, and      :  
            √               (              )
 
  
    
    
                 (13) 
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